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ABSTRACT
The focus of this dissertation is two-pronged: 1. Extending the capability of laser interference
lithographic technique to fabricate novel nanostructured surfaces and 2. Application of the fabri-
cated nanostructured surfaces to modulate interfacial processes, e.g. coupling of light with metallic
nanostructures to excite surface plasmon resonance (SPR) and directing self-assembly of colloidal
crystals.
The first part of the dissertation focuses on modifying the laser interference lithography (LIL)
technique. The traditional LIL is limited to fabrication of only single-pitch linear gratings. We
mitigated this drawback by incorporating non-planar Lloyds mirror to the LIL technique. The
proposed modified LIL technique has the ability to control the pitch profile and the shape of
gratings using curvatures of non-planar Lloyds mirrors. This enabled LIL to fabricate chirped
gratings with pitch values changing continuously from ∼10 m to ∼500 nm over a controllable
length. The shape of the grating could also be changed from linear to arc-shaped curves of various
degree of curvatures. Such novel gratings were shown to be useful as variable bandpass filter and
dually diffractive-focusing element. The dissertation also includes work to further the capability of
LIL using subsequent multi-exposure techniques to fabricate 2D quasicrystals and Moir lattices.
The second part of the dissertation is directed towards applications of the novel nanostructures
fabricated by modified LIL to modulate interfacial processes. We used a chirped pitch grating as
a template for colloidal crystal self-assembly. The method elucidated unique relationships between
the pitch values and the crystal lattices formed on it. We demonstrated that grating structure can
induce formation of unique lattice geometries, not favored by natural self-assembly, e.g. square
lattice, rhombic lattice, graphite-like lattice structures. A thin film of silver coating on the different
lattice structures imparted interesting optical characteristics. In addition to templating colloidal
crystal growth, the nanostructures were metallized and applied to engineer SPR responses for
xxi
sensing applications and enhancement of vibrational spectroscopic techniques. In the first case, we
used index matching technique to enhance coupling efficiency of light with metallic nanostructures.
This bolstered the transmission efficiency from ∼5 fold to ∼100 fold. The enhanced electric field
was demonstrated in refractive index sensing application. In the second case, we used modified
LIL in conjunction with nanoimprint lithography to fabricate metallic nanohole arrays of varying
periodicity. The nanohole arrays could support SPR at different spectral locations and proved
useful in enhancing vibrational stretching mode of -CH. The enhancement factor achieved for -CH
mode was about ∼40 fold.
In summary, this work aimed to improve versatility of LIL as a nonconventional lithographic
technique for fabrication of novel nanostructures with various applications. We demonstrated their
application in manipulating light at subwavelength scale, optical sensing, enhancing spectroscopic
technique and control self-assembly at nanoscale.
1CHAPTER 1. NANOSTRUCTURED SURFACES, THEIR FABRICATION
USING LITHOGRAPHIC TECHNIQUES AND ROLE IN LIGHT-MATTER
INTERACTIONS
“The role of the infinitely small is infinitely large.”
–Louis Pasteur
1.1 Introduction
In 1959, the seminal lecture by Richard Feynman titled “There is plenty of room at the bottom,”
heralded scientists to the advent of a new field of science, which we today call “nanotechnology”.[1]
The lecture alluded that opportunities at the nanoscale were still unexplored and aplenty. In
2019, 60 years since, scientists have explored that wonderful nanoscale world to a great extent.
The aberrant nature of the nanoscale world has been unraveled to us- where the gravitational
force appears negligible, structures are governed by strong intermolecular forces, thermal energy
manifests itself as “shakiness” like earthquake due to increased molecular collisions or vibrations,
and materials characteristics change from continuous to more discrete in nature. The diminished
size of structures leads to disproportionate increase in their surface area-to-volume ratio, elucidating
exotic physical and chemical properties, which often are counterintuitive and foreign to their bulk
material properties.
Although the progress made in understanding the nanoscale science has been a huge leap for-
ward, the technology to create nanostructures failed to keep up with the progress. For several
decades, the semiconductor industry has been the workhorse in driving the nanostructuring tech-
nology mainly to preserve the Moores Law, which is a prognostication that number of transistors
on a chip doubles every two years.[2] Although it is now possible to exercise control at the atomic
2level using advanced technology, these approaches require incredibly sophisticated equipment and
that too with low throughput.
The work in this dissertation attempted to contribute in the field of nanotechnology by intro-
ducing an improved and more versatile version of interference photolithography technique. It is a
facile and inexpensive technique to create surface nanostructures. In addition, we employed these
nanostructures to showcase the influence they could have in some selected interfacial processes e.g.
light-matter interaction, self-assembly of colloidal crystals etc.
1.2 Nanostructured Surfaces
Nanostructures refer to extremely small structures that have at least one lateral dimension
between 1 and 100 nm.[3] However, due to extensive use of the term by scientific community, the
definition has become ambiguous and often refers to structures as large as a single cell i.e. ∼10 µm
and smaller.[4] The general idea of nanostructure is that it is small enough in size (e.g. a small
group of atoms, an individual cell, group of colloid particles) so that it exhibits unique properties
not exhibited by bulk materials. According to definition, structures at the length scale ranging from
1000 nm down to 100 nm is the transitionary length scale and are called mesostructures. In this
work, we complied with mass literature and categorized all structures below 10 µm under the broad
term of “nanostructures”. Nanostructures can be classified into bulk nanostructures and surface
nanostructures.[4] Bulk nanostructures are individual nanomaterials or assembly of nanomaterials,
e.g. nanowires, nanospheres, etc.[5] Surface nanostructures, also known as nanopatterns, are created
on the surface of a substrate.[5] The interest in nanostructured surfaces was instigated and sustained
by the integrated circuits (IC) industry, where huge volumes of surface nanostructuring and material
deposition steps are used to create functional transistors on silicon substrates. Alongside the IC
industry, there has been a recent surge in interest in nanostructured surfaces in photonics research,
nanotechnology and biotechnology fields owing to the special properties imparted by theme without
the need forchemical treatment.
3The utility of nanostructured surfaces is best understood if we simply examine nature. Nature
has been employing nanostructured surfaces since the beginning of time, to prevent infections [6],
repeal water [7], create adhesive surface [8] and to create lasting colors.[9–11] A ubiquitous example
of nanostructured surfaces is structural colors, where the nanostructures on a surface have period-
icity at the length scale of visible light enabling them to interact electromagnetically with incident
light giving rise to bright “metallic” colors.[12] This is in contrast to pigmented color, which pro-
duces color by selective absorption/reflection of light via chemical pigments. Figure 1.1A shows
a varicolored scarlet macaw whose brightly colored feathers results from periodic nanostructures
shown in Figure 1.1C. Another well-studied property of nanostructured surface is found on the
sticky toes of gecko as shown in Figure 1.1B. They enable them to attach to virtually any plain
surface, despite the absence of any chemical adhesives on them. The scanning electron microscopy
image in 1.1D shows the surface topology of their toe-pads. The hierarchical nanostructures present
on them greatly increase the contact surface area and boost cumulative Van der Waals’ interac-
tions with surfaces [8], therefore giving rise to the adhesive property. The lotus leaf is another
common example, in which utilized nanostructures create a super hydrophobic surface as shown
in 1.1E and 1.1F. The sharp ends of the needle-shaped nanostructures prevent water invasion by
creating air pockets. All these examples illustrate the range of surface properties attainable by
merely changing the characteristics of the surface nanostructures. Scientists took inspiration from
nature and extended the range of applications of nanostructured surfaces to enhance performance
of numerous existing techniques and to create new technologies e.g. optical elements[13, 14], meta-
surfaces [15, 16], biosensors [17], chemical sensors [18], strain sensors [19], biomedical applications
[20–22], micro- and nanofluidics [23, 24], solar energy conversion [25], magnetics nanostructured
surfaces for data processing technology [26], improving tribological properties [27] and enhanced
optical spectroscopic techniques [28–30]. This dissertation focuses on light-matter interaction and
photonic crystal application of nanostructured surfaces, illustrated in the forthcoming chapters.
4Figure 1.1 Examples of nanostructured surfaces found in nature: A. The blue color of
Scarlet Macaws (Rdiger Katterwe/EyeEm/Getty Images) [31] originates from
nanostructured surfaces. B. Gecko toes with frictional adhesive property
(nico99/Shutterstock) [32]. C. SEM image of the feather of Scarlet Macaws
[33] D. SEM image of the toe surface of Gecko showing nanostructured sur-
faces [8]. E. Hydrophobic Lotus Leaf [34]. F. Nanostructured surface of Lotus
leaf which make it hydrophobic [7].
51.3 Current Techniques for Fabrication of Nanostructured Surfaces
The ability to fabricate desired nanostructured surfaces on a wide variety of materials precisely
and economically is critical for the development of nanoscience and nanotechnology. In this section,
an overview of the most commonly used lithographic techniques is presented. The techniques
have been categorized into conventional techniques and non-conventional techniques. Conventional
techniques are predominantly used in the microelectronics industries and include techniques like
UV Projection Lithography, Electron Beam Lithography (EBL) and Ion-beam Lithography (IBL).
Nonconventional techniques are economical alternatives to conventional techniques which are used
to pattern onto materials in small or medium volume production. The following scheme summarizes
different lithographic techniques used to fabricate nanostructured surfaces:
Figure 1.2 Scheme showing different lithographic techniques.
61.3.1 Conventional Lithographic Methods
1.3.1.1 UV Photolithography
UV photolithography is an indirect lithographic technique used to generate patterns on photore-
sist first, which is then transferred to target materials via techniques like etching or deposition.[35]
The pattern on the photoresist is generated by projecting an image of the pattern from a pho-
tomask. The photomask is a device containing the pattern to be imprinted on the photoresist. The
pattern is usually made of chromium absorber, which blocks light from falling onto the photoresist
and therefore creating a shadow of the pattern on the photoresist. The solubility of the photoresist
changes in the exposed regions with respect to the unexposed region. It either becomes soluble
or insoluble in the developer solution, depending on the nature of the resists (positive photoresist
becomes more soluble upon exposure and negative photoresist become insoluble). After develop-
ment, the substrate is left covered with the insoluble regions of photoresist, which is a replica of
the pattern on the original photomask and forms a protection layer for subsequent steps.
The ability of UV photolithography system to project a clear image of the pattern on the
photomask onto the substrate is given by its resolution. The resolution is defined by the Raleigh
criterion R = K1λNA , where λ is the wavelength, NA is the numerical aperture of the optical projection
system defined as n·sin θ (where n is the refractive index of the medium and θ is the acceptance angle
of the projection lens) and K1 is a parameter that is dependent on the photomask, the illumination
system and the photoresist response. Any methods to decrease λ, NA or K1 would improve the
resolution of this technique. However, a competing constraint limits reduction in λ or NA called
depth of focus (DOF ), which represents the range of focus errors that a given process can tolerate
and still give an acceptable lithographic result.[36] For UV photolithography, DOF = K2λ
NA2
, where
K2 is a parameter dependent on the system. A large NA provides a better resolution but the
corresponding DOF decreases rapidly as NA increases. Sophisticated masks (e.g. phase-shifting,
optical proximity correction), off-axial illumination and top surface image techniques are applied to
optimize the resolution. The main drawback of this technique is the requirement for an individual
7mask for each type of nanostructure. This drives up the operating cost and makes the technique
unaffordable for academic labs and small companies outside the semiconductor industry.
1.3.1.2 E-beam Lithography
Electron beam lithography (EBL) is a mask-less technique where patterning is carried out
directly from a computer designed pattern.[35] A typical EBL system consists of a column of electron
optics for generating and manipulating the electron beam, a sample stage and control electronics.
The column consists of an electron source, magnetic lenses, a beam blanker and mechanism for
deflecting the beam.[37] The sample position is precisely controlled using a laser interferometer
feedback, which allow exposure of a large area by decomposing the pattern into a number of
scanning fields.
The resolution of EBL is defined by the beam spot size and forward scattering range of the
electrons in the resist. The higher the accelerating voltage the smaller is the minimum feature
that can be achieved.[37] The resolution of EBL is extremely high and can fabricate sub-10 nm
features.[38] The main drawback of EBL is that is a direct-writing system and therefore, the
throughput is low and not suitable for mass production. In industry, it is mainly used to fabricate
masks for UV photolithography system.[37]
1.3.1.3 Ion-beam Lithography
Ion-beam Lithography (IBL) is analogous to electron beam lithography technique, except that
it utilizes focused ion beam (FIB) instead of an electron beam. The instrumentation consists of
electrostatic lenses instead of magnetic lenses because of the much heavier ions. The drawback
of this technique is that it has lower throughput compared to EBL, due to smaller ion beam
current density. However, resists are generally more sensitive to ions and therefore, FIB is used for
correction and inspection of masks fabricated using EBL.
81.3.2 Non-conventional Lithographic Methods
1.3.2.1 Nanoimprint Lithography
Nanoimprint lithography (NIL) is a low-cost lithography technique for pattern replication.[39]
The technique requires a rigid mold with the desired pattern that is pressed against a thermal
polymer substrate and the arrangement heated above glass transition temperature of the polymer.
The polymer becomes viscous and flows to fill the topology of the mold. Upon lowering the
temperature below glass transition temperature, the mold is separated from the polymer and the
pattern remains imprinted on the polymer substrate. The technique requires high temperature and
pressure which limits the versatility of the technique. A variation of this technique exists which
utilizes UV curing property of polymer instead of the glass transition temperature. Uncured liquid
polymer is applied onto the mold, which fills the topology of the pattern. The liquid polymer is
then solidified by curing using UV light and separated from the mold.[40] The resolution of NIL is
limited by the mold feature size. The main drawback of this technique is that it requires a mold
pattern fabricated by other lithographic techniques. Although the mold can be reused, it undergoes
significant mechanical stress after each use and the quality of the imprint deteriorates.
1.3.2.2 Soft Lithography
Soft lithography, also known as microcontact printing, uses an elastomeric stamp to print a
monolayer of chemical patterns onto a desired substrate.[41] The stamps are usually made using
polydimethylsiloxane (PDMS) molding of a master template. For high resolution stamping, the
stamps are made of polymers with higher stiffness, e.g. mixture of vinylmethyl-dimethylsiloxane
copolymers, trimethysiloxy terminated (VDT) and methylhydrosiloxne copolymers (HMS).[42] The
stamps are inked with desired chemicals e.g. octadecyltrichlorosilane (OTS), thiols etc. Molecular
transfer occurs when the stamp is in contact with the substrate where the chemical forms a self-
assembled monolayer. Just like NIL, the resolution of soft-lithography depends on the minimum
feature size in the stamp.
91.3.2.3 Scanning Probe Lithography
Scanning probe lithography is a direct writing technique usually done by a nanoscopic tip
scanning across the substrate to create patterns sequentially. This technique is usually based on
either scanning tunneling microcopy (STM) or atomic force microscopy (AFM).
Lithography based on STM consists of a sharp conductive tip, which is controlled by a piezo-
electric transducer. When a bias voltage is applied between the tip and the substrate and if the
tip-substrate gap is small enough, short electron pulses are generated allowing local modification
of the substrate.[43] This technique has been used to pattern a wide range of materials e.g. organic
SAMs [44], PMMA [45]. However, it has some drawbacks as well: it requires a vacuum environment
and the tip and substrate must be conductive, which limits the diversity of substrates that could
be patterned using this technique. These shortcomings are addressed by AFM based lithography.
AFM based lithography is different from STM lithography mainly in the way that the tip is
mounted. In AFM, the tip is mounted on a flexible oscillating cantilever while in STM the tip is
rigidly mounted. The AFM works by monitoring the attractive or repulsive forces between the tip
and substrate. Like STM, AFM can pattern by local modification. In addition, the flexibility of
the tip allows it to pattern by mechanical deformation. For example, AFM has been applied for
pattern generation by current pulse generation, selective oxidation, field ionization, field-induced
evaporation, indentation of the surface, chemical etching or delivering chemical reagents directly
to the substrate.[46]
1.3.2.4 Nanosphere Lithography
Nanosphere lithography (NSL) utilizes self-assembled polymer or silica nanospheres as masks
on substrates. The pattern formed by the nanospheres is then transferred to the substrate either
by infiltration of materials or reactive ion etching (RIE). There are a number of methods to de-
posit nanospheres onto the substrate [47, 48] e.g. vertical deposition, sedimentation, spin coating,
electrophoretic deposition etc. In addition to deposition techniques, there are techniques to disrupt
natural self-assembly of colloids and obtain unique colloidal crystal lattice structures e.g. using
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anisotropic particles [49], template directed self-assembly [48], electric field directed self-assembly
[50] etc. This technique is limited by the number of different patterns achievable by colloidal
self-assembly. In addition, growing large areas and defect-free colloidal crystals is also challenging.
1.3.2.5 Laser Interference Lithography as a Surface Patterning Technique
Laser Interference Lithography (LIL) is another nonconventional technique, which is also re-
ferred to as interferometric lithography, interference photolithography or holographic lithography.
It is a maskless technique involving the exposure of photoresist with two or more coherent laser
beams and provides a facile and economical way to fabricate large area pattern.[51] The interfer-
ence of multiple beams creates a pattern of constructive and destructive interferences arranges as
arrays of lines. The interference patterns can be registered on a photoresist thin film to fabricate
gratings. The periodicity of the nanostructure is dependent on and can be controlled by changing
the wavelength of the interfering beams or the angle of intersection of the beams. There are various
configurations of LIL.[52–55] The most common is the Lloyds mirror-based interference lithography
where a portion of the beam from a single laser source is reflected onto the other portion to create
interference as will be illustrated in the following chapters. The theory of two beam interference is
detailed in the supplementary information of Chapter 3.[56, 57]
LIL technique offers numerous advantages over conventional lithographic technique e.g. low
cost, higher resolution, not requiring focusing optics [54], infinite depth of focus [58], etc. However,
LIL can only be applied for fabrication of periodic geometries, which limits its application to only
a handful of applications. In Chapter 2 and Chapter 3 we demonstrated how the capability of
LIL can be extended to fabricate novel non-periodic and non-linear nanostructures by employing a
combination of non-planar mirror and multiple exposures.
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1.4 Summary of Lithographic Techniques
Table 1.1 Table comparing most commonly used lithographic techniques [54]
UV Projec-
tion
Electron/Ion
Beam
Nanoimprint Scanning
Probe
Laser Inter-
ference
Resolution 30 10-20 30 10-15 20[59]
Depth of Focus
(DOF)
< 1 µm [60] Few microns n/a n/a Infinite [61]
Any Pattern Yes Yes Yes Yes No
Throughput High Low High Low High
Cost (M$) 10-100 5-10 0.5-1 0.2-0.25 0.001-1
Non flat sur-
face
No Yes No Yes Yes
Maskless No Yes Mold Yes Yes
1.5 Interaction of Light with Nanostructured Materials
Interaction of light with matter is a universal process in nature, governing phenomena spanning
from water-splitting reactions in photosynthesis to the appearance of sky being blue. The ability to
control light precisely has enabled technologies ranging from transatlantic communication to single
molecule detection. Light-matter interaction forms the core nucleus of this work as we show how
light interacts with matter to create nanostructures and we the show how those nanostructures in
turn, interact with light to manipulate it at a subwavelength scale to serve a purpose. Manipulation
of light at a subwavelength scale is challenging due to the natural diffraction limit known as Abbe
diffraction limit. For example, for light propagating through a medium with refractive index of n,
the diffraction limit is given by the equation 1.1 [62]:
d =
λ
2n
(E.1.1)
where, d is the smallest dimension within which the light with wavelength λ can be confined. This
means that a fiber optic with diameter less than d cannot guide light with a wavelength of λ;
instead the light will diffract and decay evanescently. Or a light microscope cannot resolve two
12
points separated by less than λ/2n distance as they lie within the minimum space to which the
light can be confined. Nanostructured materials promise potential pathways of going beyond the
diffraction limit. Based on the type of material of nanostructures (dielectric or metal), they can be
classified as photonic crystal or plasmon materials because of the differences in the nature of their
interaction with light.
1.5.1 Photonic Crystals
Manipulating light at the subwavelength scale poses greater challenge compared to manipulating
electrons owing to the neutral nature of light particles (photons). There is no optical equivalent
to Coulombic force for photons. The only parameter available to manipulate light is the dielectric
constant of material. Dielectric constant is given by ε = n2, where n is the refractive index of the
material and usually has a value ranging 1 to 4 for dielectric materials in the visible region.[63] The
dielectric constant of a dielectric is essentially wavelength independent except around the strongly
absorptive region.[64]
Photonic crystals, which are periodically nanostructured dielectrics, artificially introduce band
gaps in dielectric materials.[65] As light waves propagate through the photonic crystals, they are
scattered by the periodic nanostructures. The scattered light undergoes constructive and destruc-
tive interferences. Destructive interferences cancel out light of certain wavelengths giving rise to
the bandgap.[65] The bandgap can be engineered to suit applications and enables altering the basic
properties of materials e.g. refraction, light confinement and light speed.
Since the inception of the concept of photonic crystals [66], it has received unwavering attention
as it promised pathways to on-chip miniaturization of light. Photonic crystal have lived up to
expectation and enabled confinement of the light exactly at the wavelength limit [63]. However, to
defy the diffraction limit, new materials were explored and metals with negative dielectric constant
enabled to go beyond the diffraction limit. In this dissertation, Chapter 2 to Chapter 4 focuses
on the fabrication of novel photonic materials using interference lithography and self-assembly of
colloidal particles on nanostructured surfaces.
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1.5.2 Surface Plasmons
One promising solution to go beyond the diffraction limit unfolded in 1998, when Ebbesen
et al. observed extraordinary optical transmission through sub-wavelength hole arrays.[67] The
enhanced transmission through the subwavelength nanoholes was attributed to the surface plasmon
resonance (SPR) phenomena. Although the knowledge of SPR was in existence for decades [68], the
extraordinary transmission through subwavelength nanohole hinted at the role of SPR in localizing
light far beyond the traditional diffraction limit. The finding by Ebbesen attracted a slurry of
scientific works on SPR and renewed interest in SPR as a tool to not only manipulate light in
nanoscale dimension and but also extended its usefulness in different venues for integrated circuitry,
optical computing, lithography, solar, and medical technologies.
So, what are surface plasmons? And how do they enable breaking the diffraction limit of
light? In general terms, surface plasmons are hybrid electron-photon oscillation at the interface
of a metal and an insulator (dielectric). The phenomenon is supported by the large density of
free electrons that a metal possesses, which can be driven by an external oscillating electric field,
e.g. electromagnetic light waves. As the metal electrons are bound to the metal, SPR waves are
longitudinal in nature.[69, 70] The fact that light couples strongly with light confines them to a very
small region at the metal-dielectric interface, well beyond the Abbes limit. For example, for visible
light with a wavelength of 450 to 650 nm in air, when coupled with electrons to form SPR the
wavelength could shrink to as small as 50 nm.[71] The shrinkage of the light within the small space
also leads to massive enhancement of the electric field, which is attractive to specific applications
requiring strong electric field at the nanoscale length. In this thesis, Chapter 5 and Chapter 6
describes the utilization of the enhanced electric field from SPR to improve sensitivity of Infrared
absorption spectroscopy. Chapter 7 introduces a refractive-index matching technique to engineer
a metal-dielectric interface to enhance coupling of light with SPR. Detailed theory on SPR is also
included in the relevant chapters.
14
1.6 Self-Assembly on Nanostructured Surfaces
Self-assembly is a method wherein groups of structural units interact with each other and as-
semble spontaneously into a functional structure without the influence of any external force.[72]
In the process, the energy of the system is minimized. This technique is attractive as it promises
unparalleled manufacturing simplicity because once the structural units are engineered, the same
end product would spontaneously form regardless of the initial state of the structural units. Self-
assembly of colloidal crystals is an example where this technique is most commonly used. Colloidal
crystals have important applications as photonic crystals [73], as template for colloidal lithography
[74] or as template for three dimensional growth of colloidal crystals [47]. However, under no exter-
nal forces, spherical colloidal particles always self-assemble into hexagonal closed pack crystals.[75]
In order to impart different properties to the colloidal crystals this natural tendency has to be dis-
rupted. One effective way is by introducing nanostructured surface at the interface of self-assembly.
By modifying the surface of a substrate, an external force is introduced which modifies the mini-
mum energy state of the assembling particles. The particles can be steered precisely into a pattern
as dictated by the nanostructured surface. In Chapter 4, we investigate how nanostructured sur-
faces affect self-assembly of spherical particles and unraveled numerous unique lattice structures
not formed under natural self-assembly conditions.
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CHAPTER 2. FABRICATION OF NOVEL NANOSTRUCTURES USING
NON-PLANAR LLOYD′S MIRROR LASER INTERFERENCE
LITHOGRAPHY
Russell Mahmood; Andrew C. Hillier∗ (to be submitted to Nanoscale)
Department of Chemical and Biological Engineering, Iowa State University, Ames, Iowa, 50011
“It is difficult to point to another single device that has brought more important experi-
mental information to every field of science than the diffraction grating. The physicist,
the astronomer, the chemist, the biologist, the metallurgist, all use it as a routine tool
of unsurpassed accuracy and precision, as detector of atomic species, to determine the
characteristics of heavenly bodies, the presence of atmospheres in the planets, to study
the structures of molecules and atoms, and to obtain a thousand and one items of in-
formation without which modern science would be greatly handicapped.”
–George Harrison
2.1 Abstract
Traditional Lloyds mirror interference lithography using a planar mirror is limited to fabrication
of linear and single pitched gratings. In this work we utilized various non-planar mirrors at differ-
ent orientations to expand the capabilities of this patterning technique. We demonstrated that the
curvature of the non-planar mirror along the direction of the incident light creates chirped pitch
gratings. And curvature of the mirror across the direction of the incident light creates non-linear
grating with the grating grove direction following the curvature of the mirror. The magnitude of
variation both in grating pitch profile and grating groove direction can be controlled by manipu-
lating the curvature of the mirrors. As an example, we demonstrated linear gratings with pitch
values changing from ∼10000 nm to ∼500 nm over a controllable distance. We also fabricated
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arc-shaped gratings of various curvatures. In addition, we developed general relationships between
the mirror curvatures and the pitch profile or curvature of gratings grooves fabricated. We also
demonstrated the utility of these novel gratings as plasmonic variable bandpass filter and a dual
focusing-diffraction element.
2.2 Introduction
Laser interference lithography (LIL) is a low cost facile technique to fabricate large area periodic
nanostrcuture patterns.[54] Using lasers with ultraviolet wavelength, nanostrcutures in the micro
and mesoscale region (>100 nm) can be fabricated.[76] And using lasers of shorter wavelength in
the extreme ultraviolent region, nanostrctures of sub-100 nm resolution can be fabricated.[77] Such
nanostructures have applications in areas e.g. integrated circuits (IC) industries [78], quantum
devices [79], energy transduction [80], biomedical devices [81] and high density data storage.[82]
More specific application includes enhancing sensitivity of spectroscopic techniques like Raman
and Infrared absorption spectroscopy [29, 83, 84], improving catalytic porperties [85], imparting
hydrophilic or hydrophobic characteristic to a surface [86, 87], improving physiocompability of
biomedical implants [88], increasing efficiency of electrodes [89], broadband absorption of solar
energy [90], submicron perforated membrane for filtration [91], template for directed self-assembly
[92], field emission flat panel displays [61], photonic crystals [93] etc. However, the traditional LIL
technique is limited by its inflexibility to produce a wide range of patterns. It is mainly used to
fabricate linear nanostructures of single pitch value. Extending its capability beyond the linear
single pitch nanostructures would make LIL technique attractive to a horde of new areas or new
applications within existing areas.
Currently, fabrication of complex pattern requires sophisticated techniques like electron beam
lithography (EBL), focused ion beam lithography (FIB) or mask-based projection photolithography.
EBL and FIB are sequential writing techniques and therefore require long hours of exposure for
writing [94, 95] and involves high capital investment.[96] Mask-based projection photolithography
alleviate these shortcomings. However, it introduces new challenges. Each type of nanostructures
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requires one mask, which makes this technique expensive to develop new nanostructures. It is also
challenging to develop focusing lens system for mask-based photolithography technique for lower
wavelength (below 200 nm) as lens materials become increasingly absorbing at lower wavelength.[3]
Therefore, it is desirable to develop a technique which is high throughput like photolithography,
inexpensive to run, doesnt require mask to develop new nanostructures and avoid transmission-
based optical systems. Laser Interference Lithography (LIL) technique with more flexibility in
making nanostructures satisfies all these criteria.
The traditional LIL is a maskless technique to fabricate large area of periodical nanostructures in
a high throughput manner using simple optical elements. The principle is based on the interference
of two coherent laser beam to form a standing wave that can be captured on photoresist. The pitch
value, Λ, is dependent on the wavelength of the interfereing light, λ, and the angle, θ, between
the beams. However, the traditional LIL technique utilizes a planar mirror which limits fabrication
nanostructures to single pitch linear gratings.[97] To our knowledge, little has been done to improve
capability of the traditional LIL. Bryan and Powers reported integration of a converging lens to
LIL setup to control periodicity profile of the gratings.[98] Liu et al. also used similar principle
and used a cylindrical lens to fabricate chirped gratings.[99] These modifications enabled limited
control over pitch profile but no control over the grating groove direction. In addition, modulation
of light by transmission through glass/quart lenses is not preferable as it give rise to aberration
and non-linear dispersion due to the materials absorption properties.[100]
In this paper, we augmented the capability of traditional Lloyds mirror LIL technique to fab-
ricate nanostructures with varying pitch value profile and shape. We achieved this by replacing
the plane mirror with various non-planar mirrors and utilized their surface curvatures to direct the
interference pattern to have non-monotonic pitch values or non-linear groove shape. We extended
these concepts to fabricated novel nanostructures with unique optical diffraction properties e.g.
continuous diffraction in a straight line, continuous diffraction in 360°. Finally, we demonstrated
application of selected nanostructures as a plasmonic band pass filter and a dual focusing diffraction
element.
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2.3 Experimental Section
2.3.1 Materials and Reagents
Toluene and glass microscope slides were obtained from Fisher (Waltham, MA). Silver wire
(99.995%) and tungsten wire baskets for evaporation were from Ted Pella (Redding, CA). Microp-
osit S1813 Positive photoresist and Microposit 352 developer were obtained from Rohm and Haas
Electronic Materials LLC (Philadephia, PA). Deionized water with electrical resistivity exceeding
18 M·Ω cm was used for cleaning and rinsing of samples (NANOPure, Barnstead, Dubuque, IA).
2.3.2 Mirror Fabrication using Optical Lenses
All the mirrors shown in Figure 2.4 have been fabricated by vacuum evaporation deposition
(Denton Benchtop Turbo III, Denton Vacuum, LLC, Moorestown, NJ) of silver on optical lenses.
The lenses were obtained from Newport Corp. Around 110 nm of silver was deposited at a slow rate
of 1-1.5 A˚/s to ensure uniform mirror surface. Silver thickness was monitored during deposition
using a quartz crystal resonator and confirmed using atomic force microscopy (AFM).
2.3.3 Flexible Mirror Fabrication using Polyethylene terephthalate (PET)
Clear PET sheet, Grafix Dura-lar the acetate alternative, was used as the substrate for flexible
mirror. A PET sheet is cut into several mirror shapes and 110 nm of silver was deposited using
vacuum evaporation at a slow rate of 1-1.5 A˚/s to ensure uniform mirror surface.
2.3.4 Laser Interference Lithography System
The schematic diagram of LIL system setup is shown in Figure 2.1. For the laser source,
single continuous wavelength (405 nm) transverse mode (TEM) diode pumped laser was used
(CrystaLaser, Reno, NV). The laser has been developed and designed specifically for holographic
applications.[101] The spectrum linewidth is less than 0.001 nm, coherence length greater than
20 meters and output noise less than 0.5%. A 2.5 µm resolution spatial filter (Edmund Optics,
Barrington, NJ) was further used to clean and expand the beam to approximately 10 cm in diameter
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and projected on the Lloyds mirror and substrate. The Lloyds mirror and substrate are arranged
perpendicular to each other and the arrangement can be adjusted for angle with respect to the
laser beam by a motor (ThorLabs, Newton, NJ) controlled by a LabVIEW code. The motor has a
precision of ∼0.001°.
2.3.5 Spin Coating of Photoresist on Glass Substrate and Pattern Development
Few drops of S1813 photoresist was placed on the glass slide and allowed to spread over the
glass slide. The photoresist was then coated at 4000 RPM for 60 seconds using a Laurell model
WS-650MZ-23NPP spin coater (Laurell Technology Corp., North Wales, PA). The coated sample
was placed on a hotplate at 90 °C for 1 minute. The sample was then exposed in the LIL system
for 55 seconds. Exposed sample was hard baked for 3 minutes at 110 °C, cooled in compressed dry
air and developed using Microposit 352 developer for 1 minute. After development, the sample was
rinsed with ample DI water for at least 1 minute and blown dry in compressed air.
2.3.6 Scanning Electron Microscopy
Scanning Electron Microscopy of the surfaces were done using Jeol JSM 6010 plus LV scanning
electron microscope under low vacuum environment using a back-scatter electron detector (BEIW).
2.3.7 Diffraction Imaging
Optical diffraction measurements were performed using an Olympus BX51 optical microscope.
The optical microscope was equipped with a 40x dry objective and a Bertrand lens.
2.3.8 Bandpass Filter Fabrication from Gratings
The selected grating was replicated to a PDMS master using procedure described elsewhere.[83]
The PDMS master was used to transfer the grating to a UV-curable optical adhesive (NOA 61) by
sandwiching drops of the adhesive between the PDMS surface and a clean glass slide and exposing
with a UV lamp for 30 min to cure the polymer. The gratings on the glass slides released cleanly
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from the PDMS, which allowed the same nanostructure to be reproduced several times without
noticeable degradation of the structure. Cured NOA 61 has a refractive index of 1.55.[102] After
the substrates were prepared, a 45 nm coating of silver was then deposited at a rate of 11.5 A˚/s
on the grating by physical vapor deposition (PVD) (Denton Benchtop Turbo III, Denton Vacuum,
LLC, Moorestown, NJ). Silver film thickness was monitored in situ using a quartz crystal resonator.
Finally, a layer of NOA 61 was deposited onto the silver using spin-coating. Few drops of NOA
61 was added on the silver surface and the sample spun for 60 seconds at 4000 RPM and cured
under UV light for 30 min. The final sample is a dielectric-metal-dielectric configuration plasmonic
bandpass filter.
2.3.9 Optical Characterization
Transmission spectra were measured with a custom-built optical train as described previously.[103,
104] White light from a broadband halogen source (OSL1, Thorlabs Inc, New Jersey, USA) was col-
limated using a convex lens with a focal length of 150 mm (Newport Optics). The collimated beam
passed through a Glan Thompson polarizer followed by a variable diameter aperture (typically held
between 0.5 to 1 cm depending on amount of light required). The resulting beam impinged on the
sample mounted to a calibrated translation stage. The transmitted light was collected with a 600
µm, bifurcated optical fiber that sent the light to a spectrometer which measures spectral intensity
between 900-2500 nm (NIRQuest512-2.5, Ocean Optics). Normal incidence spectra were collected
with incident light perpendicular to the sample surface (θ = 0°). All spectra were referenced to
light transmitted through a flat silver on glass film of the same thickness at θ = 0°.
2.4 Results and Discussion
2.4.1 Theory on Controlling Pitch Profile using Mirror Curvature
The setup of a traditional Lloyds mirror lithography is illustrated in Figure 2.1A. It consists of a
single wavelength laser light source, a spatial filter to clean and expand the laser light into Gaussian
profile beam, a plane mirror as reflecting element and a substrate holder with substrate coated with
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photoresist. The beam of wavelength λ is incident on the photoresist at an angle θd (Figure 2.1,
inset). Part of the beam is reflected off the mirror surface and falls on the photoresist at an angle θr.
The direct beam and the reflected beam interfere and create a constant pitch interference pattern
of light and dark regions, which forms nanostructured gratings once the photoresist is developed.
The pitch value (Λ) of the interference is dependent on the wavelength of the laser beam and the
two incident angles of the interfering beams and is given by Equation E.2.1:
Λ =
λ
sin θd + sin θr
(E.2.1)
In this paper, the traditional Lloyds mirror was replaced by mirrors of various shapes at different
orientation. The objective was to control the incident angle θr of the reflected ray by controlling the
curvature of the mirror surface. Figure 2.1B shows an example of experimental setup to fabricate
chirped grating by replacing the plane mirror with a cylindrical convex mirror. The curved surface
of the mirror continuously changes the angle θr of the reflected beam and therefore the pitch
value of the interference pattern changes spatially. Figure S.2.12 in the supplementary information
illustrates this effect rendered using OpticalRayTracing software. Figure 2.2 shows a schematic of
LIL using a convex cylindrical mirror. The reflected rays off the curved surface of the mirror are
incident at different angles on the substrate depending on the slope of the mirror surface. A2 and
B2 are two parallel incident rays falling directly on the photoresist. A1 and B1 are two parallel rays
reflected off the mirror surface and interfere with B2 and C2 respectively. Due to the curvature
of the mirror surface, A1 and B1 were reflected at angles θ1 and θ2 forming two different pitch
values at the interfering locations according to Equation E.2.1. In other words, the slope of the
mirror surface determines the pitch value profile (indicated by the white arrow) developed on the
substrate.
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Figure 2.1 A. Traditional Lloyds mirror setup using planar mirror to create constant pitch
interference pattern on photoresist. B. Modified Lloyds mirror setup using
non-planar mirror to create chirped interference pattern on photoresist.
23
Figure 2.2 Curvature of mirror used to control pitch value profile of the nanostructures.
Rays A2 and B2 represent direct incident light falling on the mirror and pho-
toresist. Reflected rays A1 and B1 interferes with rays B2 and C2 respectively.
Due to the changing slope of the mirror surface, A1 and B1 are reflected and
incident on the photoresist at different incident angles creating different pitch
values.
Figure ?? and associated description in the supplementary details the theoretical relationship
between the curvature of a mirror and the corresponding pitch value profile projected on the
photoresist using the three equations E.2.3, E.2.4 and E.2.5.
2.4.2 Theory of Controlling Grating Groove Direction using Mirror Curvature
While curvature of mirror along beam path determines the pitch value profile of nanostrcutures,
the curvature of mirror across beam path determines the direction of the nanostrcutures formed.
The concept is illustrated in Figure 2.3. It shows the application of a cylindrical mirror to fabricate
curved gratings. The curvature of the gratings is determined by the curvature of the mirror, the
24
Figure 2.3 Curvature of mirror used to control groove direction of the nanostructures.
Rays A1 and B1 represent direct beam incident on the photoresist. Rays A2
and B2 represent direct rays falling on the mirror surface at different locations.
Region A represents the shadow region where no light falls. Region B represents
the region with only direct light falling on it and therefore no interference takes
place. Region C represent the region where both direct and reflected light fall
and interfere creating interference patter.
angle between the mirror and the incident light (θ) and the distance of the substrate from the
mirror. Simple geometrical consideration leads to Equation E.2.2:
R = r + d · tan θ (E.2.2)
where θ is the angle between incident beam and the mirror, d is the distance between the mirror
and the substrate, R and r are the radii of curvature of the grating and mirror respectively. This
technique is useful in controlling the direction of nanostructures formed. The limitation of this
technique is that it only works for simple shapes which does not give rise to interference between
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reflected lights from different surfaces of the mirror. Such interference would give rise to higher
order complicated nanostructures.
2.4.3 Library of Nanostructures Fabricated using Non-planar Mirrors
To demonstrate the application of non-planar surface in LIL, we fabricated a range of nanos-
tructures with controlled pitch profile and groove direction using the different types of mirrors as
shown in Figure 2.4. A more comprehensive collection of the mirrors is included in Figure S.2.14
in the supplementary. The direction of the incident beam on the mirror is indicated by the arrows
and the fabricated nanostrcutures are shown below the corresponding mirrors. In general, convex
mirrors allowed the pitch values to be varied over an extraordinary wide range. Concave mirrors
allowed the periodicity to be varied over a narrow range and about a targeted pitch value. Flexible
mirrors made by depositing silver on PET polymers proved to be convenient because they can be
mechanically deformed to obtain unique surface curvatures to produce fair quality of nanostruc-
tures.
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Figure 2.4 Figure showing different mirrors and arrows indicating the angle of incident
angle on them in a LIL setup. The corresponding macroscopic images of the
nanostructures under ambient light are shown directly under each mirror. A.
Incident beam along the curvature of the cylindrical plano-convex mirror of
radius of curvature 49.05 mm B. Incident beam along the curvature of the
cylindrical plano-concave mirror of radius of curvature -160 mm C. Incident
beam across the curvature of the cylindrical plano-convex mirror of radius of
curvature 12.97 mm D. Incident beam along the curvature of a flexible mirror E.
Chirped pitch grating using mirror in panel A F. Chirped pitch grating fabricate
using mirror in panel B G. Arch-shaped single pitch grating fabricated by mirror
in panel C H. Chirped pitch grating fabricated by mirror in panel D I. Incident
beam on a convex mirror of radius of curvature 19.03 mm J. Incident beam on
a spherical mirrors of radius 3.97 mm K. Circular concave mirror of radii of
curvature. L. Incident beam along the sharp edge of triangular mirror with 60o
angle between the plane sides.M. Arc-shaped chirped pitch gratings fabricated
by mirror in panel I N. Concentric gratings of chirped periodicity fabricated by
mirror in panel J. O. Two-dimensional chirped pitch grating created by mirror
in panel J P. Linear gratings connected by gratings with high curvature.
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2.4.4 Controlling Pitch Value Profile of Nanostructures
2.4.4.1 Application of Cylindrical Convex Mirror
We used convex mirrors of radius of curvature 49.05 mm and 12.97 mm to study the curvature
effect of mirror on the periodicity profile. The incident angle of the laser beam, θ, with respect
to the substrate was 0°. The pitch value profiles of the nanostructures were determined using
transmission light microscopy.
Figure 2.5 Pitch value profile with respect to position for different curvatures of mirror.
Figure 2.5 shows plot of pitch value profiles of the gratings with respect to spatial location on
the grating surface. A logarithmic scale was used to emphasize distinction between the graphs as
both the pitch profiles change over a large range. The inset shows an example grating as observed
under ambient light. The two mirrors utilized are also shown and matched with their corresponding
graphs. For both the pitch profiles, the value decreases rapidly from a large value (∼40 µm) to
submicron value (<1 µm) over a distance of ∼20 mm. In general, the curvature of the mirror
determines the degree of change in pitch value over a given distance. The result is plausible as
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mirror of higher radius diverges reflected light to a greater extent increasing the range of incident
angles on the substrate within a given spatial distance on the substrate.
Figure 2.6A shows white light diffraction characteristics of a sample nanostructure as it is
scanned from highest pitch value towards decreasing pitch values. At 0 mm of the sample, there
is no nanostructure and there is only a zero order in the diffraction image. For regions with
nanostructures, first and second order diffractions are observed. The distance between the first and
zero order is indicative of the pitch value. As pitch value decreases, the transmitted light undergoes
stronger diffraction which increases separation between the diffraction orders. Therefore, along the
nanostructure, from 0 mm to 20 mm, the distance between first and zero order diffraction increases.
Figure 2.6B shows SEM images of the gratings of different pitch values from selected positions with
pitch value ranging from 9.7 µm to 1.2 µm.
2.4.4.2 Application of Flexible Mirror
The curvatures of the mirror surfaces allow precise control of the grating pitch values. However,
these mirrors are expensive. To address this issue, we also demonstrated that chirped pitch values
of nanostructures can also be obtained by using flexible first surface mirror. The fabrication steps of
these mirrors were detailed in experimental section. The setup of the experiment is shown in Figure
S.2.15A. The curvature of the mirror was adjusted by applying external forces. Two cases were
demonstrated, the first one by applying a low force to create a low curvature mirror surface and
the second one using relatively higher force to create a high curvature surface. The incident angle
for both the cases were 5°. The resultant nanostructures and the pitch value profiles are shown in
Figure S.2.15B. For the both the gratings, the pitch values start at ∼2400 nm and decreases to ∼
700 nm with respect to position on the substrate. The highest pitch value is determined by the
incident angle of the beam which is given by Equation E.2.3. Λ = 4052 sin 5° ≈2300 nm. The pitch
value of the nanostructures created using higher curvature mirror showed a greater change over the
same spatial area, which agrees with the observation made for different curvature of rigid mirrors
previously.
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Figure 2.6 A. Diffraction images of period chirped grating at different positions on the
nanostructures. B. SEM images of grating nanostructures showing different
pitch values.
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2.4.4.3 Application of Cylindrical Concave Mirror
Unlike convex mirror, concave mirror has a focusing effect on the incident beam and this im-
poses some limitations on the range of incident angle that could be used to control pitch value
of nanostructures. Figure S.2.16 in the supplementary summarizes different range of angles for
spherical concave mirrors which give rise to shadow effect, multiple reflection within curvature and
proper reflection from curvature.
We studied spherical concave mirror (shown in S.2.14D) in detail and the results are summarized
in Figure 2.7 and Figure 2.8. Figure 2.7 compares the pitch value profile of two concave mirrors of
radii of curvature of -160 mm and -200 mm for incident angle of 15°. For both the mirror, the pitch
value of gratings changes spatially. The gratings made with higher curvature mirror (radius -160
mm) experienced higher overall change in pitch value over a given distance. Figure 2.8 shows the
effect of variation of incident angle on the pitch value profile fabricated using the concave mirror of
radius -200 mm. As the incident angle with respect to the substrate increases, the pitch value profile
shifts vertically. The pitch values change roughly around a mean value that could be determined
by Equation E.2.1 used for traditional LIL. For incident angle of 12°, 15° and 17° the mean pitch
value calculated are 973 nm, 782 nm and 692 nm. The values closely match the mean of each of
the pitch value profile.
In addition to vertical shift of the pitch value profile, the range of pitch values with a given
distance increases. This is due to the increasing focusing effect of the mirror curvature with de-
creasing θi values. This technique was deemed useful for fabricating broadband diffraction gratings,
where the pitch value would vary continuously over very short spatial distance. We used the -160
mm concave mirror and reduced the incident angle θi to a very low value of ∼4° and produced
grating on a small region of ∼0.25 mm as shown in Figure 2.9. Figure 2.9A shows a SEM image
of the whole grating region with an inset showing a continuous diffraction. The pitch value profile
in Figure 2.9B shows that the pitch changes from ∼ 2 µm to ∼6 µm with a short distance of 0.25
mm.
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Figure 2.7 Pitch value profile with respect to position for different curvatures of mirror.
Figure 2.8 Pitch value profile with respect to position for different incident angle of on
concave mirror of radius of curvature -2000 mm.
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Figure 2.9 A. SEM image of a highly chirped grating. The grating shows large change
in pitch value over a small millimeter region. Bertrand lens diffraction im-
age shown in the inset shows the diffraction is highly broadband. B. Plot of
the pitch value of the nanostructures with respect to position fabricated using
cylindrical plano-concave mirror for an incident beam of 4°. Pitch value was
measured for each periodicity and plotted as scatter points. The dashed line
shows the trend of the pitch value profile. The direction of measurement is
indicated by the white arrow in the inset. The pitch value changes from ∼2
µm to ∼6 µm over a region of a quarter millimeter.
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2.4.5 Controlling Direction of Nanostructures
We demonstrated that curvature of mirror surface along the path of beam being reflected on
to the photoresist creates varying interference pattern which is determined by the function of the
mirror curvature. However, if the curvature oriented across the beam path, the grating direction
shadows the shape of the curvature as illustrate in Figure 2.3. We demonstrated this concept
by fabricating and characterizing nanostructures using cylindrical plano-convex mirror of radii of
curvature of 49.05 mm, 13.04 mm and 12.97 mm.
2.4.5.1 Application of Cylindrical Convex Mirror with curvature across the beam
path
An image of grating fabricated using 12.97 mm mirror is shown in Figure 2.10A. SEM image of
the nanostructure is shown in Figure 2.10B and Figure 2.10C. The nanostructures are concentric
arc with a common center whose pitch value is determined by the incident angle of the beam and its
curvature is determined by the surface curvature of the mirror. The high magnification image of the
nanostructures conceals the curvature of the gratings and appears to be linear. Figure 2.10D shows
the diffraction image from the five different labelled position (labelled with small solid circles) on
the gratings. At the left end of the nanostructure the line of diffraction is at 30° with respect to the
vertical. As the scanning position moves to the right, the line of diffraction rotates anticlockwise
with respect to the vertical line. This is due to the change in direction of the gratings.
In order to change the direction of the grating groove over a very small distance, visible under
SEM magnification, we decided to use a high curvature surface. The edge of a silver-caoted optical
prism was utilized as the reflecting surface to achieve this. The mirror and the corresponding
nanostructures are shown in Figure 2.4L and Figure 2.4P. The SEM images are shown in Figure
S.2.17 along with analysis. The images show that the fabricated grating grooves change direction
by 30° within a short distance of 20 µm.
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Figure 2.10 A. Image of a curved gratings fabricated using cylindrical plano-convex mirror
of 12.97 mm radius of curvature. The white dots on the nanostructured surface
show the locations (1 to 5) from where the five diffraction images (1 to 5) were
taken. B. SEM image of a portion of the grating area. Scale bar: 50 µm. C.
SEM image of a portion of the grating area taken from panel B. Scale bar: 10
µm. D. Diffraction image from five different location along the nanostructures
in panel A. The angle of diffraction changes continuously anticlockwise from
30° to -28°.
2.4.6 Simultaneous control of nanostructures direction and pitch value profile
The preceding sections detailed about controlling pitch value profile and direction utilizing the
curvature of mirror surfaces. In this section we demonstrated simultaneous control of the two
characteristics to fabricate nanostructures with unique properties. We employed the mirrors with
curvature in two dimension e.g. circular plano-convex mirrors, circular plano-concave mirrors and
spherical mirrors shown in Figure S.2.14A, S.2.14E and S.2.14F.
Circular plano-convex mirrors have convex curvature both along the beam direction and across
the beam direction. Therefore, the nanostrcutures produced have chirped pitch values according
Equations E.2.3, E.2.4 and E.2.5. The nanostrcutures also have curvature according to Equation
E.2.2. The resultant nanostructures are arch shaped gratings with chirped pitch values as shown
in Figure S.2.18. Panel A shows the macroscopic image of nanostructure under ambient lighting.
Panel B and C shows SEM image in order of increasing magnification. Panel D shows a series of
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diffraction images taken along the black arrow across the nanostructures at different positions from
0 mm to 20 mm. The diffraction images highlighted two characteristics about the gratings. First,
the line of diffraction continuously changed angle with respect to the vertical suggestive of changing
grating direction. Secondly, the separation between the zero and first order diffraction decreased
from 0 mm to 12 mm and then increased until 20 mm. This indicates that the grating pitch value
decreased and reached a minimum near half way of the scanning direction and then increased until
the end. This is due to the varying pitch values due to chirped characteristics of the gratings.
Spherical convex mirrors (S 3E) is an extension of circular plano-convex mirror because it offers
full curvature of 360° around its surface. The resultant nanostructure is concentric circular gratings
with chirped pitch values in contrast to arch-shaped chirped gratings produced by circular plano-
convex mirror. The curvature and chirpyness of the nanostrustures are determined by the curvature
of the sphere in a similar way described for circular plano-convex mirror. Figure S.2.19, panel A
shows the nanostructure under ambient lighting produced by the spherical mirror of radius 1.59
mm. It consists of concentric circled with chirped periodicity (up-chirp from center to outwards).
Panel B, shows an SEM image elucidating the curvature and chirpyness of the gratings. Panel C
shows a series of diffraction image taken at positions (indicated by the values from 0 mm to 2 mm)
along the white arrow in Panel A. Due to higher curvature of the spherical mirror, compared to
the circular plano-convex mirror, the pitch value and grating direction changed with a very short
distance of 2 mm. The angle of the diffraction line with respect to the vertical line undergoes a
change of ∼ 60 ° within 2 mm distance. The distance between the first and zero order diffraction also
changed substantially in the same distance. In addition, the diffraction spots are more elongated
for the same spot size of the incident light which indicate high degree of chirpyness of the pitch
values.
The third type of mirror employed in the LIL technique is a circular plano-concave mirror.
Unlike convex mirrors, concave mirrors have a focusing effect. And as the mirror is circular, in
contrast to cylindrical, the reflected light converges from all directions and interact with each other
and the direct light to produce nanostructures of unique optical properties. Figure S.2.20 shows the
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nanostructures fabricated using circular plano-concave mirrors of two different radii of curvatures
of -77.52 mm and -51.68 mm. The mirror with lower radius of curvature has more focusing effect
and produced a narrow and elongated area of nanostructure. Panel B and panel D show respective
HeNe diffraction images from nanostructures in panel A and C. The nanostructures diffract light
in all direction and continuously over a region instead of well-defined orders. This makes sense
because cylindrical plano-concave mirror creates chirp in pitch values in one direction and diffracts
light in one direction only. However, circular plano-concave mirror creates the same effect but from
all 360° angles. To explain the phenomena more comprehensively we produced SEM image of the
nanostructure in Figure S.2.21. Panel A shows the macroscopic image of the nanostructure. The
region marked with a dotted red circle was scanned and SEM images are shown in panel B to G
in order of increasing magnification. Panel B is a SEM image under magnification of x130. It is
difficult to comprehend distinct nano-patterns from this magnification. However, a Fast Fourier
Transform (FFT), which is computationally equivalent to diffraction image, produces diffraction
very close to the HeNe diffraction image found in Figure S.2.20. Panel C to G sequentially presents
higher magnification images of the same spot and unravel several nanostructures which are obscure
under different magnifications. The nanostrcutures vary both in pitch values and orientations. This
is conceivable because light from the mirror is being converged at that location from all different
angles. The different nanostructures of different pitch values and orientations collectively diffracts
light in all directions in continuous manner. The range of pitch values of the nanostrcutures is
determined by the focusing effect of the concave mirror and therefore mirror with lower radius of
curvature produces nansostrcuture with higher diffractive properties (as shown in Figure S.2.20B
and S.2.20D).
2.5 Example Applications of Novel Nanostructures
In this section we demonstrated the applicability of selected nanostructures fabricated using
non-planar mirror. We utilized the chirped nature of pitch values and changing direction of the
nanostructures to build a spatially tunable plasmonic band-pass filter which operates over a large
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wavelength and a dual diffraction and focusing element. Figure S.2.22 shows schematics of both
the applications.
2.5.1 Wide-range Spatially Tunable Plasmonic Band-pass Filter
Variable bandpass filters with a peak transmission wavelength are ideally suited as monochro-
mators in compact, non-dispersive spectrometers, allowing high resolution spectral measurements,
and for hyperspectral imaging as a variable filter.[105] We used the gratings fabricated by mirror
shown in Figure 2.4B (i) and pitch value profile shown in Figure 2.5 to fabricate a plasmonic band-
pass filter by following procedures described in experimental section. The concept of plasmon-based
optical filter has been explained in detail elsewhere.[106] Briefly, the metallic thin film grating, in
presence of symmetric refractive index, couples with a specific wavelength of p-polarized light to
generate long range surface plasmon resonance, which promotes transmission of the specific wave-
length only. The coupling wavelength is dependent on several factors including the pitch value
of the grating. Therefore, the chirped grating produced using non-planar mirror could become a
platform to tune the wavelength via spatial translation.
The bandpass filter fabricated was optically characterized at every millimeter using the optical
spectroscopy system described in experimental section and using p-polarized light at an incident
angle of 0°. The spectral response of the filter is summarized in the colormap in Figure S.2.22A. The
inset of the graph shows a schematic of the filter (dielectric-metal-dielectric layer) and paths of in-
cident and transmitted light. The colormap shows the spectral position of maximum transmittance
from ∼10mm to 33mm of the gratings. The scale bar represents the intensity of the transmitted
light. As the position of the filter is changes, the maximum transmittance changes spectrally closely
following the trend in gratings pitch profile. This is expected as the transmission peak position
is determined by the grating pitch value. The bandpass filter could modulate transmission over a
wide range from ∼2400 nm to ∼1000 nm using a small surface (from 10 mm to 33 mm) of length
of ∼20 mm.
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Figure 2.11 A. Transmission spectra of a spatially tunable plasmonic band-pass filter. The
inset shows schematic configuration of the filter made by depositing 45 nm thin
silver film sandwiched between dielectric layers. B. Schematic of application
of chirped circular arc grating as a dual diffraction and focusing element. (i)
represents a transmission Bragg grating diffracting white incident light into
first and zero order. (ii) represents a transmission chirped and circular arc
shaped grating acting as a diffraction and focusing element on the incident
white light.
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2.5.2 Curved Gratings as Simultaneous Diffractive and Focusing Element
Flat surface focusing grating are commercially attractive due to their dual function as disper-
sive and focusing element which facilitates miniaturization of components.[40] The gratings focus
optical input signals while simultaneously spectrally dispersing them. The focusing function is
incorporated into the gratings using arch-shaped variably spaced gratings. Integrating focus func-
tion with spectral dispersion through holography rather than by use of curved substrates or lenses
reduces system component count and facilitates miniaturization. This helps to reduce stray light,
increase light intensity and reduce astigmatism.[107]
The chirped periodicity arch-shaped grating (shown in Figure S.2.14M) fabricated using circular
plano-convex mirror (shown in Figure S.2.14I) was utilized as a focusing diffraction element. The
grating was first replicated on a transparent PDMS substrate (Sylgard 184, Dow Corning). PDMS
was used as a grating. Figure 2.11B shows an schematic illustrating the focusing effect of an arc-
shaped chirped grating compared to linear single pitch grating. Figure S.2.22A and B illustrates
the actual experimental setup using the focusing grating and a commercial linear grating. It is
important to note that the focal curve of the grating is somewhat complex. Thus, if used in a
spectrometer, the spectrograph plate must be constrained to follow the curve or the spectrum will
be out of focus.
2.6 Conclusion
In this paper we have demonstrated how traditional Lloyds mirror interference lithography can
be improved and its capability extended using non-planar mirrors. We developed a general model
which relate the curvature of the reflecting element to the pitch profile of the fabricated gratings.
In addition, we have also demonstrated that various non-linear gratings can also be created by
reflecting the interfering beam across the curvature of the reflecting element. Finally, we have
demonstrated the utility of two of the novel gratings as variable plasmonic filter and as a dual
focusing-diffracting element.
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2.7 Supporting Information
Figure S.2.12 Ray tracing diagram produced using OpticalRayTracer software illustrating
the effect of curvature of a convex mirror surface on the reflected beam.
Radius of curvature of the mirror is 40 mm. Incident angle of the beam
with respect to the substrate is 0°. The angle of the reflected rays from
the mirror falling on the substrate varies continuously creating a chirped
interference pattern. Region A of the mirror is responsible for creating the
highest pitch value on the substrate at region C. Region B is responsible
for creating the lowest pitch value on the substrate at region D. Lower the
radius of curvature, higher curvature of the mirror and higher the deflection
of the light by the mirror. Therefore, higher curvature mirror is expected
to create wider range of pitch values and reaching lower value at region D.
41
Derivation of equations to predict periodicity profile
Figure S.2.13 Schematic to illustrate the effect of mirror curvature on the pitch
value of nanostructures. At position A, the slope of the curvature is
perpendicular to the substrate. Relationship between the thetas are
θi = 90° − θ4 = 90° − θ5. Pitch value at position C is given byΛ = λ2 sin θi .
At position B, the slope of the mirror reduces the incident angle θ3.
θi = 90°− θ1− θslope = 90°− θ2− θslope = θ3 + 2 · θslope. Therefore, the pitch
value at position D is given by the modified formula Λ = λsin θi+sin θi−2·θslope .
Function f(x) represents the curvature of the mirror and enables derivation of surface slope at
each point. Figure S.2.13 shows a schematic of an experimental setup used to derive relationship
between surface curvature of a mirror and the corresponding pitch value profile produced on the
photoresist surface. The shape of the mirror surface is defined by the function f(x), which is
an arc of an arbitrary circle in this case. The incident angle of the incoming laser beam (θi) is
measured with respect to the photoresist surface. At position A, the slope of the mirror surface
(represented by the dotted line) is perpendicular to the photoresist surface, which simplifies the
relation between θi, θ4 and θ5. θi = 90°− θ4 = 90°− θ5. Therefore, the equation for pitch value at
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position C simplifies to Λ = λ2 sin θi . The slope of the mirror surface, tan θslope, at any point with
respect to the x-direction is given by the first derivative of the mirror surface function,df(x)dx :
tan θslope =
df(x)
dx
(E.2.3)
where, θslope is the angle of the slope of the mirror surface. The slope of the mirror surface deflects
the incident ray by θslope. Therefore, θi = 90°−θ1 +θslope = 90°−θ2 +θslope. As both incident and
reflectance angle θ1 and θ2 change, θ3 changes twice the angle θslope. Therefore, θi = θ3 − 2θslope.
Using this relation, the pitch value at a particular point on the photoresist surface can be predicted
using the Equation E.2.5:
Λ =
λ
sin θi + sin(θi − 2 · θslope) (E.2.4)
The relation between the point of incidence and the position of the corresponding pitch value
on the photoresist can be found using the Equation E.2.5. The equation add the height of the
mirror surface, f(x), to the height risen by the reflected ray, x · tan(θi − 2θslope),
y = f(x) + x · tan(θi − 2θslope) (E.2.5)
Equation E.2.3, E.2.4 and E.2.5 conjointly provides information about the pitch value profile
formed on the photoresist surface given the curvature information of the mirror surface.
43
Figure S.2.14 A. Circular plano-convex mirrors of radii of curvature of 19.03 mm and 44.7
mm. B. Cylindrical plano-convex mirror of radius of curvature and length
along curvature of (i) 49.05 mm and 50.84 mm (ii) 36.8 mm and 25.58 mm
(iii) 12.97 mm and 24.96 mm. C. Flexible mirror made of silver deposited
polyethylene terephthalate (PET) substrate. D. Cylindrical plano-concave
mirror with circular curvature. Radius of curvature of (i)-160 mm and length
20 mm (ii) -200 mm and length 30 mm. E. Spherical mirrors (made of high
quality annealed carbon steel) of radii of curvature of (i) 6.35 mm, (ii) 3.97
mm and (iii) 1.59 mm. F. Circular concave mirror of radii of curvature
-77.520 mm, -51.680 mm, -25.840 mm, -26.259 mm and -12.920 mm. G.
Triangular mirror with 60° angle between the plane sides.
44
Figure S.2.15 A. Schematic of LIL experimental setup using silver coated PET flexible
mirror. A1 and B1 are incident rays on the curvature of the mirror which
are reflected and interfere with the direct rays A2 and B2. The white vertical
arrow shows the direction of change in pitch value of the interference pat-
tern. The black dashed arrow indicates that the mirror is flexible and allow
manipulation of its surface curvature by applying external force. B. Pitch
value profile of two gratings fabricate using two different curvature of the
flexible mirror. The inset in the graph shows an image of the nanostructure
with a red arrow indicating the direction of position.
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Figure S.2.16 Optical ray tracing diagrams for reflections off a concave mirror.
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In Fig. S.2.16, Panel A identifies three regions of range of angle (i), (ii) and (iii). The regions are
further illustrated using Figure S.2.13.B, C and D using rendition from OpticalRayTracer software.
The mirror used has a radius of curvature r of 40 mm and length d of 50 mm. With the range
of angles in region (i), the raised edges of the concave mirror give rise to surface inaccessibility by
shadow effect as shown in Figure S.2.13.B. For a concave mirror, incident angles lower than the
angle of the tangent θtangent to the curvature at the corner of the mirror (represented by solid red
line in Figure S.2.13.A), will give rise to shadow effect. The angle of the tangent for the shown
mirror is:
θtangent = tan
−1
(df(x)
dx
)
(E.2.6)
where, f(x) is the function of the mirror curvature. Using the defined values of r and d, θtangent
is found to be 38.7°. In Figure S.2.13.B, when the incident angle is 20° and less than θtangent,
the curvature of the mirror is only partially accessible by the incident beam. The area labelled
A cannot be reached due to the raised edges. With range of angles in region (ii), the shadow
effect is eliminated. But it give rise to multiple reflection within the curvature as illustrated in
Figure S.2.13.C. A portion of the reflected beam from the area labelled A is partially reflected
second time from the area labelled B giving rise to overlapped interference and creating complex
nanostructures. We have calculated that to avoid the multiple reflection, the reflected beam from
area A must be able to escape the curvature. For spherical concave mirror this is in region (iii). To
be in region (iii), the incident angle of the beam must be greater than θtangent + θmultiplereflection,
where θmultiplereflection is given by 180°− θtangent− 2θ. θ is the minimum escape angle for reflected
light from the mirror surface given by Equation:
θ = cos−1
( d
2r
)
(E.2.7)
where, d is the length of the mirror, r is the radius of curvature. Figure S.2.13.D shows incident
angle θi = 78° greater than θtangent + θmultiplereflection, which is 38.7°+38.7° = 77.3°. In this case
there is not shadow effect and no multiple reflection within the curvature of the mirror.
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Figure S.2.17 Macroscopic image of nanostrcuture fabricated using a trinangular prism
mirror. The region of interest is labelled B and further examined under
SEM in panel B and C. This region corresponds to the extremely high
curvature offered by the sharpe edge of the prism. B. SEM image of the
region labelled in panel A. The region labelled C is further magnified in
panel C. C. High magnification SEM image of a region showing abrupt
change in grating direction. The grating direction changes by 30° within
tenths of micrometer distance. D. Diffraction image of the region imaged in
panel C. The image shows difrcation in two directions simultaneously. Due
to the change in grating direction by 30°, the diffraction directions have a
difference of 30°.
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Figure S.2.18 A. Macroscopic image of the nanostructures fabricated using circular plano–
convex mirror of radius of curvature 19.03 mm. B. SEM image of the nanos-
tructure under low magnification. C. SEM image of the nanostructures un-
der higher magnification. D. A series of diffraction images takes along the
straight line (indicated by the arrow in panel A) at different positions of the
nanostructure. Curly white arrows indicate the angle between the diffrac-
tion line and the vertical. Double sided arrow indicate distance between
first and zero order diffraction for three selected diffraction images.
49
Figure S.2.19 A. Macroscopic image of the nanostructures fabricated using spherical steel
ball of diameter 1.59 mm. B. SEM image of the nanostructure showing
gratings curvature and chirped pitch values. C. A series of diffraction images
taken along the straight line (indicated by the white arrow in panel A) at
different positions of the nanostructure. Curly white arrows indicate the
angle between the diffraction line and the vertical. Double sided arrow
indicate distance between first and zero order diffraction for three selected
diffraction images.
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Figure S.2.20 A. Nanostrcuture produced by employing circular plano-concave mirror of
radius of curvature of -77.52 mm. B. HeNe laser diffraction image of the the
nanostrcuture in panel A. C. Nanostrcuture produced by employing circular
plano-concave mirror of radius of curvature of -51.68 mm. D. HeNe laser
diffraction image of the nanostrcuture in panel C.
51
Figure S.2.21 A. Macroscopic image of the nanostructure fabricated using circular plano–
concave mirror of radius of curvature -77.52 mm. The red dotted circle
indicates the region where the series of SEM images were taken (shown in
panel B to H). B. SEM image of magnification x130. The inset shows Fast
Fourier Transform of the image, which is equivalent to diffraction image C.
SEM image of magnification x270. D. SEM image of magnification x300. E.
SEM image of magnification x500. F. SEM image of magnification x800. G.
SEM image of magnification x1200. H. SEM image of magnification x1600.
All white scale bars represent 5µm.
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Figure S.2.22 A. Experimental arrangement which employs a chirped and circular arc
shaped grating as a diffraction and focusing element. The focal point of
a specific wavelength of light is indicated using a white arrow pointer. B.
Experimental arrangement which in contrast to panel A employs a linear
Bragg grating as a diffraction element. The first order diffracted light has
not focal point.
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CHAPTER 3. CREATING COMPLEX TWO-DIMENSIONAL
QUASICRYSTAL, SUPERCELL AND MOIRE´ LATTICES WITH LASER
INTERFERENCE LITHOGRAPHY
Russell Mahmood; Andrew C. Hillier∗ (to be submitted to ACS Nano)
Department of Chemical and Biological Engineering, Iowa State University, Ames, Iowa, 50011
“There are only patterns, patterns on top of patterns, patterns that affect other patterns.
Patterns hidden by patterns. Patterns within patterns. If you watch close, history does
nothing but repeat itself. What we call chaos is just patterns we haven’t recognized.
What we call random is just patterns we can’t decipher. What we can’t understand we
call nonsense. What we can’t read we call gibberish. There is no free will. There are no
variables.”
–Chuck Palahniuk
3.1 Abstract
We extended the patterning capability of laser interference lithography (LIL) to fabricate com-
plex two-dimensional quasicrystals and Moire´ lattices. Traditional LIL is limited to fabrication
of single pitch linear grating structures. In this work, we demonstrated that photoresist can be
exposed multiple times at different orientation and to different interference pattern to create a
cumulative pattern which encompass a diverse group of complex Moire´ lattices. Using this tech-
nique, we fabricated quasilattices of symmetry order ranging from 8-fold to 22-fold. We fabricated
complex superlattice structures by overlapping lattices at a controlled offset angle. And by overlap-
ping interference pattern of different pitch values and at different offset, we fabricated sophisticated
incommensurate Moire´ lattices. The optical properties of these lattices were characterized. In addi-
tion, we developed models to simulate the structures along with their optical diffraction properties.
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We anticipate that these complex lattices will be useful as novel photonic devices with superior
band-gap properties and as platform for plasmonic devices with capability to engineering plasmonic
characteristics.
3.2 Introduction
Photonic bandgap (PBG) materials [66] are structured objects with periodic spatial variations
in refractive index and unit cell sizes comparable to the wavelength of light.[108] PGB materials
can manipulate light owing to the strong overlap between their structural length scales and the
wavelength of visible light.[48, 73, 109–112] The target wavelength of a PBG material is determined
by the intrinsic properties of the material as well as its geometry. By adjusting the periodicity and
lattice structures of a PBG, the target wavelength and polarization direction can be controlled.
Most work on PBG materials has used regular periodic lattice structures. More recently, PBG
materials have been pursued with unconventional lattice geometries (e.g. photonic quasiperiodic
lattices,[113–121] Moire´ pattern lattices,[122–127] and super lattices [128–130]. Interest in these
unconventional lattice geometries is driven by their potential for superior properties,[131] easier
tunability, and the variety and abundance of optical responses [129, 132] compared to their periodic
counterparts. However, the exploration of PBG with unconventional lattice structures has mostly
been theoretical due to challenges associated with practical fabrication of these structures.
Electron-beam (e-beam) and focused ion-beam (FIB) lithography have been the primary meth-
ods employed for fabrication of unconventional lattice structures.[121, 133, 134] Although these
technique are versatile, their direct writing nature makes them extremely low-throughput and only
small areas can be fabricated due to the limited stitching accuracy over large areas,[135] Mask-based
UV projection photolithography has been used as well.[136] This technique has high throughput as
the mask can be reproduced in a single exposure and in large area. However, it lacks the versatility
of e-beam and FIB lithography because each lattice structure requires a separate mask. Multibeam
interference lithography, which uses multiple coherent beams to create interference pattern, has
been demonstrated as a high throughput technique to fabricate icosahedral quasicrystals.[137] This
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method can fabricate large area 3D quasicrystals. Although this method has been demonstrated
for one type of quasicrystal lattice, the concept can be extended to fabricate other unconventional
crystal lattices. However, it is limited by the need for multiple coherent beams of equal intensities,
which requires a sophisticated optical setup. An alternative to multibeam interference lithogra-
phy is phase mask lithography,[131, 138] which utilizes a 2D template to diffract a single beam of
light into multiple coherent beams and record their interference pattern. This technique provides
a flexible solution for creating multiple coherent beams but is limited by the availability of phase
mask templates. The phase mask must be made using techniques like e-beam lithography or UV
photolithography and one phase mask is required for each lattice structure. Phase mask lithogra-
phy has been enhanced through the concept of Moire´ nanolithography,[125] which utilizes the same
phase mask in multiple exposures with offset angles to target high symmetry lattices. A similar
concept called Moire´ nanosphere lithography has been introduced where a monolayer of hexagonal
lattice nanospheres was used as a mask to create high rotational symmetry lattice structures.[139]
This technique is also limited in that only one type of lattice that can be formed.
In this work we introduce a method for creating complex lattice structures using laser interfer-
ence lithography (LIL). We exploit the Lloyds mirror configuration combined with the capability
of employing an arbitrary n number of repeated exposures as a solution for fabricating large area
2D Moire´ lattice structures. The technique was inspired by the mathematical concept of Pen-
rose tiling,[140] which generates quasicrystalline tilings by superposition of distinct grids. A single
exposure in LIL produces a linear interference pattern of constant pitch value equivalent to a math-
ematical grid pattern. n number of subsequent exposures produces an experimental equivalent of
overlapping n grids and, at each exposure, the LIL setup allows specifying the angular offset and
periodicity of the interference pattern. This technique enabled us to fabricate complex 2D lattice
structures by precisely controlling the pitch value of an interference pattern and its angular ori-
entation at each exposure. We fabricated quasicrystalline lattices (quasilattices) with symmetry
order as high as 22-fold, superlattices and other exotic Moire´ lattices. In addition, we developed a
simulation tool to accurately predict the final lattice structures after n number of exposures. As
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Lloyds mirror interference photolithography is a parallel patterning technique, we could create ar-
rays over macroscale areas where the total patterned area was only limited by the size of reflecting
optics in the LIL setup.
3.3 Experimental Section
3.3.1 Materials and Reagents
Glass microscope slides and liquid detergent (Decon Neutrad) were obtained from Fisher (Waltham,
MA). The reflecting element used in the LIL setup was fabricated by depositing ∼100 nm silver
(99.999%; Ted Pella, Redding, CA) on a clean microscope glass slide using a thermal evaporator
(Bench Top Turbo III, Denton Vacuum, Moorestown, NJ). The deposition rate of silver was 0.1
A˚/s, and a pressure of <105 Torr was used. Microposit S1813 positive photoresist of resolution
of 480 nm and Microposit 352 developer were obtained from Rohm and Haas Electronic Materials
LLC (Philadelphia, PA). Deionized water with electrical resistivity exceeding 18 MΩ·cm was used
for cleaning and rinsing of samples (NANOPure, Barnstead, Dubuque, IA). Absolute ethanol and
acetone were also used for cleaning and rinsing samples were purchased Sigma-Aldrich (St. Louis,
MO).
3.3.2 Sample Fabrication
Sample Fabrication. Glass substrates were first cleaned by scrubbing with a 2% Decon NEU-
TRAD solution followed by sequential rinsing with deionized (DI) water, acetone, and ethanol,
followed by blowing dry with nitrogen gas. The fabrication process flow is summarized in Figure
3.1 with three distinct steps: pre-exposure, exposure and post-exposure. In the pre-exposure step,
the photoresist was applied onto the glass substrates by spin coating. Several drops of S1813 pho-
toresist were placed on a clean glass slide and allowed to spread. The photoresist was then spun
at 4000 rpm for 60 s using a commercial spin coater (model WS650MZ-23NPP, Laurell Technology
Corp., North Wales, PA). The resist-coated substrate was then soft-baked on a hot plate at 90 °C
for 1 min to evaporate excess solvent from the resist solution.
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Figure 3.1 Process flow of Moire´ Interference Lithography. Pre-Exposure: applying, spin–
coating and soft-baking of photoresist. Exposure: Multiple exposures of pho-
toresist to create interference patterns. Post-exposure: Hard baking of the
photoresist and development in developer to dissolve the exposed areas (A)
Single exposure of interference pattern produces linear single pitch gratings,
(B) Two subsequent exposures at 0° and 90° produces 4-fold symmetry square
lattice, (C) Three subsequent exposures at 0°, 60° and 120° produce 6-fold
symmetry hexagonal lattice.
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The resist-coated substrate was exposed using a home-built LIL apparatus as shown schemat-
ically in Figure 3.2 (additional details provided in Figure S.3.15, Supporting Information). The
instrument consisted of a 40 mW, single longitudinal mode 405 nm diode laser (Oxxius, Lannion,
France) as the coherent light source. The polarization of the laser was controlled by passing it
through a quarter wave-plate to make it circularly polarized and then through a linear polarizer.
The polarized light was filtered and expanded using a spatial filter with a 25 µm pin hole (Thorlabs,
Newton, New Jersey). The expanded beam reaches the reflecting element (mirror) and substrate,
which are arranged at 90° to each other. Both the substrate and reflecting element were mounted
on computer controlled, motorized rotation stages (Model PRM1Z8, Thorlabs, Newton, NJ) to en-
able control of substrate orientation (φ) and the mirror angle (θ), which controlled the pitch value
of interference pattern, during each exposure. Both the rotation stages have an accuracy of 0.03°
for angular increments. Typical exposure times for the photoresist were ∼50 s, which translates
to a dose of ∼0.89 mW·s·cm−2 at a power level of 0.1 mW and an exposure area of ∼5 cm−2.
The entire LIL apparatus was mounted on an optical table (Thorlabs, Newton, NJ) to minimize
mechanical vibrations and contained within a laser shield to block room light. After exposure, the
sample was hard-baked for 3 min at 110 °C to harden the resist, cooled under a stream of nitrogen,
and developed using MICROPOSIT 352 developer for 1 min. The areas of the photoresist exposed
during processing becomes acidic due to reaction initiated by the impinging light. The developer is
alkaline and dissolves the exposed regions revealing the lattice structures resultant from combined
patterns from all the exposures. After development, the sample was cleaned by rinsing with DI
water for at least 1 min and blown dry with nitrogen gas.
3.3.3 Optical Microscopy and Diffraction
The prepared samples were imaged using an Olympus BX51 optical microscope equipped with
a 100×, 40× and 20× dry objectives in the transmission mode. The diffraction characteristics
of the lattice structures were obtained using a custom-made optical diffraction apparatus. The
apparatus consists of a 10 mW 632 nm HeNe laser (Spectra Physics Inc., Santa Clara, CA) as
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the light source, a sample mount, a projection screen, and a camera (Figure S.3.16, Supporting
Information). Samples were mounted in front of the laser, and images of the diffraction pattern were
acquired at a fixed distance from the sample. Transmitted light from a HeNe laser was projected
on a screen and captured using the camera for analysis.
3.3.4 Numerical Simulation
The intensity distribution for various exposures and geometries was determined using a custom
MATLAB code. Detailed mathematical development and computer code with annotations are in
Supporting Information.
3.4 Results and Discussion
Laser interference lithography produces constant pitch gratings by combining two coherent
beams of light to create an interference pattern. The pitch value of the interference pattern is
determined by the angle between the two interfering beams. In the Lloyds mirror configuration
[29] this is controlled by the angle between the reflecting element θ and the substrate, defined with
respect to the surface normal (Fig.S.3.17, Supporting Information). The pitch value (Λ) is given
by the relationship:
λ =
Λ
2 sin θ
(E.3.1)
where λ is the wavelength of the interfering beams. For example, in order to create an interference
pattern with a pitch value of ∼7 µm, the 405 nm laser used in our apparatus would require a 1.7°
angle between the incoming beam and the reflecting mirror. For a single exposure, the intensity
distribution of the interference pattern on the surface of the photoresist is given by:
I = 4I0 sin
2
(2piy
λ
sin θ
)
(E.3.2)
where I is the total light intensity, I0 is the intensity of the individual beams, and y is the distance
along the substrate perpendicular to the interference pattern. To create a second overlapping
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pattern, the substrate is rotated by angle φ with respect to the original position and then exposed
to a different interference pattern (Fig.S.3.17, Supporting Information). The additional interference
pattern is effectively added on to the first interference pattern by this second exposure. For n
number of subsequent exposures the total intensity distribution is given by the following equation:
Itotal =
n∑
i=1
Ii =
n∑
i=1
βi sin
2
[2pi sin θi
λ
(−x sinφi + y cosφi)
]
(E.3.3)
where, the subscript i represents the individual exposures. β is a constant which represents the
sensitivity of the photoresist to light. For the largest number of exposures carried out in this work,
we assumed β to be of constant value. A detailed derivation of Eqns.E.3.2 and E.3.3 and the
computer code used to predict various structures are provided in Supporting Information.
3.4.1 Simulation of Multiple Exposures
Simulated intensity distributions can be determined using Eqn. E.3.2 and E.3.3. Figure 3.3
provides example results for intensity distributions after n number exposures at different angular
orientations φ, where n was varied from 1 to 4. The angle θ was set at 1°, which produced
interference patterns with a pitch value of 11.6 µm. A single exposure contains a sinusoidal intensity
profile of constant periodicity in the x-direction (Fig.3.3A) and produces a simple grating with 2-
fold symmetry. A second exposure with the substrate rotated by φ= 90° with respect to the first
creates a total intensity distribution with 4-fold symmetry and a square lattice (Fig.3.3B). For
the example shown in Fig.3.3C, second and third exposures were performed at 60° and 120° with
respect to the first exposure, which resulted in a total intensity distribution with 6-fold symmetry
akin to a hexagonal lattice.
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Figure 3.2 Laser Interference Lithography apparatus. The substrate is mounted on a ro-
tatable substrate holder to control orientation of the substrate during exposure.
The mirror is mounted on a rotatable holder to control the angle of the mirror
with respect to the incoming beam and therefore control the pitch value of the
interference pattern.
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Figure 3.3 Intensity distribution of representative n-number of exposures using Interfer-
ence Lithography. (A) Single exposure intensity distribution of a traditional
LIL technique for fabrication of 2-fold symmetry gratings, (B) two subsequent
exposures at 0° and 90° produced 4-fold symmetry square lattice intensity pro-
filed, (C) three subsequent exposures at 0°, 60° and 120° produced 6-fold sym-
metry hexagonal lattice intensity profile, and (D) four subsequent exposures at
0°, 45°, 90° and 135° producing 8-fold symmetry quasilattice intensity profile.
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Figure 3.4 Schematic showing classification of unconventional lattices. Primitive vectors
of each lattice are indicated by red or blue arrows. I. Moire´ lattices are created
by overlap of multiple lattice structures. I.A. Conventional square lattice cre-
ated by overlap of two gratings at 90° offset I.B. Superlattice created by overlap
of two square lattices I.C. Superlattice created by overlap of two hexagonal lat-
tice I.D. Incommensurate Moire´ created by overlap of two hexagonal and one
square lattice II. When lattices of the same pitch value overlap in equiangular
offset mode, the Moire´ lattices form quasilattices. II.E. Quasilattices formed by
overlap of two square lattices at 45° offset II.F. Quasilattice formed by overlap
of two hexagonal lattices at 30° offset III. Overlap of lattices of different pitch
values give rise to superlattice structures. III.G Superlattice formed by overlap
of two square lattices with the same orientation but different periodicities III.H.
Superlattice formed by overlap of two hexagonal lattices of the same periodic-
ity but but with an offset nt equal to 30° IV. All other sophisticated overlap
of lattice structures are categorized as incommensurate Moire´ lattices. IV.I
Incommensurate Moire´ formed by lattice of different types and periodicities.
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Conventional 2D lattice structures are defined as an infinite array of lattice points exhibiting
translational symmetry.[141] This translational symmetry requires that if the lattice is displaced
by the unit cell periodicity it will be translated to an identical region. These conditions, defined
as the crystallographic restriction theorem (CRT), allow for formation of only five distinct lattices:
square, hexagonal, oblique, rectangular and rhombic [57] that possess 2-fold, 3-fold, 4-fold and
6-fold rotational symmetries.[142] However, this multi-exposure LIL method can readily exceed
this symmetry by arbitrarily increasing the number of rotational exposures. For example, Fig.3.3D
shows the intensity distribution for four subsequent exposures at 0°, 45°, 90° and 135° (equiangular
offset of 45°). This total exposure results in 8-fold symmetry and the formation of a quasicrystalline
lattice or quasilattice structure.
In addition to higher order symmetry, multi-exposure LIL can also include changes in the pitch
between exposures, use unequal angular offset, as well as translational offset of the superimposed
patterns. In order to more fully classify the various lattice structures that can be created with these
overlapping interference patterns, we can consider the most general description of a Moire´ lattice
(Figure 3.4). Conventional 2D lattices would be the simplest of these and are created by the limited
superposition of linear patterns (Fig.3.4A). In addition, one can consider various lattices created
with higher complexity, which can be classified as quasilattices (Fig.3.4B, E and F), superlattices
(Fig.3.4C, G and H) and incommensurate lattices (Fig.3.4D, and I), all of which can be considered
subsets of Moire´ lattices. Moire´ lattices would be categorized as quasilattices when a number (i) of
linear gratings (i≥4) of equal pitch are superimposed with equiangular offsets of 180°/i. Because
of the equiangular offset superposition of equal pitch gratings, the resultant reciprocal lattice has
reciprocal vectors of equal magnitude and with an equal angle between them. Quasilattices made
from i linear gratings have 2i-fold rotational symmetry. Schematic examples of quasilattices are
shown in Fig.3.4E and F, where four and six linear gratings are superimposed at equiangular offsets
of 40° and 60° respectively to create 8-fold and 12-fold symmetric quasilattices. Superlattices are
created when multiple lattices of different pitch values are overlayed (Fig.3.4G) or when lattices of
the same pitch value but non-equiangular offsets are overlapped (Fig.3.4H). The resultant lattice
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structures contain periodic lattice structures within a larger periodicity. More sophisticated Moire´
patterns with no quasiperiodicity or superperiodicity can also be created (Fig.3.4I) and are classified
as incommensurate Moire´ lattices.
3.4.2 Quasicrystal Lattices with Higher Rotational Symmetry
Various computed quasilattice structures along with their diffraction patterns with increasing
rotational symmetry are illustrated in Figure 3.5. These depict the range of different structures
and patterns associated with increasing symmetry and the transition from a traditional 6-fold
lattice (Fig.3.5A) to various quasicrystal lattices (Fig.3.5B-I). The rotational symmetry order (n)
of a quasilattice is governed by several geometric rules. First, the overall symmetry n must be an
integer multiple of the symmetry of the individual exposures (n′), which is multiple of two in the
case of linear constant pitch gratings. Second, the angular offset between each exposure is given
by (360°)/n. Third, the number of exposures required is given by the ratio of the total symmetry
order to the symmetry order of a single exposure (i = n/n′). As a representative example of these
rules, consider the 10-fold symmetry quasilattice in Figure 3.5C. The lattice has 10-fold symmetry
(multiple of two), with an offset of 36°
(
360°
n(=10)=36°
)
between each exposure and a total of five
exposures
(
i=n(=10)n′(=2) = 5
)
. A range of simulated quasilattice structures with symmetry ranging
from 6-fold to 22-fold is presented in Figure 3.5. An incident angle θ of 5.8° was used, which
produced gratings with a 2 µm pitch value during each individual exposure. The lattice structures
are also depicted by their reciprocal lattices (Fig.3.5, insets) as generated by computing the Fourier
transform of the real space images (Figure S.3.18, Supporting Information). In each transform, the
symmetry of the structure is clearly seen in the number of first order diffracted spots and their
angular separation. The periodicity is captured by the length of the reciprocal lattice vector. In
each case, the first order diffracted spots create a ring of constant radius, indicating the constant
pitch value from the overlapping interferograms. The number of spots increases with each image,
to reflect the increasing rotational symmetry.
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Figure 3.5 Simulated images of high symmetry lattices. The exposure angles are given
in the following format: φ = [start angle: angular increment: final angular
orientation of substrate] (A) 6-fold symmetry, fabricated by 3 exposures at φ =
[0°:60°:120°] (B) 8-fold symmetry, fabricated by 4 exposures at φ = [0°:45°:135°]
(C) 10-fold symmetry, fabricated by 5 exposures at φ = [0°:36°:144°] (D) 12-fold
symmetry, fabricated by 6 exposures at φ = [0°:30°:150°] (E) 14-fold symmetry,
fabricated by 7 exposures at φ = [0°:25.7°:154.3°] (F) 16-fold symmetry, fabri-
cated by 8 exposures at φ = [0°:22.5°:157.5°] (G) 18-fold symmetry, fabricated
by 9 exposures at φ = [0°:20°:160°] (H) 20-fold symmetry, fabricated by 10 ex-
posures at φ = [0°:18°:162°] (I) 22-fold symmetry, fabricated by 11 exposures
at φ = [0°:16.4°:163.6°]. Scale bar: 10 µm−1.
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In order to validate these calculations with results from actual samples prepared by LIL, var-
ious high rotational symmetry quasilattice structures were fabricated using multiple exposures of
photoresist at various equiangular offsets. Figure 3.6 depicts an optical image of an example pho-
toresist pattern following seven subsequent exposures at angular offsets of 51.4° (equivalent to 25.7°
rotations). The overlapping bands of different colors arise from reflection from the various linear
gratings formed during each exposure at the different angles. At the center of the sample, the
gratings overlap to create a quasilattice with 14-fold symmetry.
Figure 3.6 Macroscopic optical image of a glass substrate coated with photoresist and
exposed seven times with the same interference pattern but at equiangular
offset of 25.7° (360°/14 = 25.7°) to fabricate a 14-fold symmetry quasicrystal
region of area ∼1 cm2.
Optical images of this and several other samples with different multiple exposures are shown in
Figure 3.7. Because interference lithography is a parallel patterning method, it is possible to rapidly
fabricate large area lattice structures. The exposure area is limited only by the size of the light beam,
which can be control by the optics and geometry of the interferometry apparatus. In our case, the
exposure area spanned several cm2 as shown in Figure 3.6. The angle between the reflecting mirror
and the incoming light beam (θ) was 1.7°, which produced an interferogram with a pitch value of
∼7 µm for each exposure. Quasilattice structures with rotational symmetry ranging from 8-fold
to 22-fold are presented in Figure 3.7B to Figure 3.7I. For comparison, a simple hexagonal lattice
with 6-fold is shown in Figure 3.7A. The subsequent 8-fold (Fig.3.7B), 10-fold (Fig.3.7C) and 12-
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fold (Fig.3.7D) symmetry lattices represent archetypical quasilattices, including Amman-Beenker
tilings,[143] Penrose tilings [144] and Socolar tilings.[145] Higher symmetry structures are also
shown, including quasilattices containing from 14 up to 22-fold symmetry. All of these structures
are created simply by sequential rotation of the photoresist-coated sample over a prescribed set
of angles combined with a fixed exposure time. The primary limitation encountered with the
increasing number exposures was managing the total exposure to the resist to avoid overexposure,
which resulted in a loss in pattern fidelity.
Optical diffraction can be used to image the reciprocal lattices of these samples and provide
additional detail regarding the lattice symmetry (Figure 3.8). These diffraction measurements
provide an optical equivalent of a Fourier transformation of the real spaces of lattices and can be
compared to the predicted lattices (Fig.3.5, insets). Diffraction images of the various quasilattice
structures shows distinct diffraction spots corresponding to the photonic modes supported by the
quasilattices. The first order photonic modes can be characterized by basis vectors (Figure S.3.19,
Supporting Information). Each exposure (i) of a grating pattern introduces a basis vector ki.
For hexagonal lattice (Fig. S.3.19A and C), the reciprocal lattice can be described as a linear
combination of three basis vectors, G = m1k1 +m2k2 +m3k3, where m1, m2 and m3 are integers.
Similarly for a 10-fold symmetry quasilattice (Fig. S.3.19B and D), the reciprocal lattice can be
described as a linear combination of five basis vectors, G = m1k1 +m2k2 +m3k3 +m4k4 +m5k5,
where m1, m2, m3, m4 and m5 are integers. A general relationship between the reciprocal lattice
and the basis vector of an 2n-fold symmetry can be expressed as:
G =
n∑
i=1
miki (E.3.4)
where, ki =
(
cos
(
ipi
n
)
, sin
(
ipi
n
))
, i = 1, 2, 3, ..., n for equiangular offset. And |ki| = |k(i+1)| for
equal length reciprocal basis vectors.
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Figure 3.7 Light microscopic images of high symmetry lattice structures. The exposure
angles are given in the following format: φ = [start angle: angular increment:
final angular orientation of substrate] (A) 6-fold symmetry, fabricated by 3
exposures at φ = [0°:60°:120°] (B) 8-fold symmetry, fabricated by 4 exposures
at φ = [0°:45°:135°] (C) 10-fold symmetry, fabricated by 5 exposures at φ =
[0°:36°:144°] (D) 12-fold symmetry, fabricated by 6 exposures at φ= [0°:30°:150°]
(E) 14-fold symmetry, fabricated by 7 exposures at φ = [0°:25.7°:154.3°] (F)
16-fold symmetry, fabricated by 8 exposures at φ = [0°:22.5°:157.5°] (G) 18-fold
symmetry, fabricated by 9 exposures at φ = [0°:20°:160°] (H) 20-fold symmetry,
fabricated by 10 exposures at φ = [0°:18°:162°] (I) 22-fold symmetry, fabricated
by 11 exposures at φ = [0°:16.4°:163.6°]. Scale bar: 10 µm.
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Figure 3.8 Optical diffraction images of high symmetry nanostructures. (A) 6-fold sym-
metry, (B) 8-fold symmetry, (C) 10-fold symmetry, (D) 12-fold symmetry,
(E) 14-fold symmetry, (F) 16-fold symmetry, (G) 18-fold symmetry, (H)
20-foldsymmetry, (C) 22-fold symmetry. Scale bar: 1 µm−1.
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The experimental diffraction images of the various samples capture the symmetry of the lattice
structures. The brightest diffraction spots in each image are located within a ring of constant radius,
with the number of spots matching the lattice symmetry. A number of higher order diffraction
features are also contained within these images, which reflects the high quality of the periodicity
over large length scales. This is particularly noticeable for the 6, 8 and 10-fold lattices. A decrease
in the quality of the diffraction images is observed for the samples with higher order symmetry,
which is likely the result of some loss in fidelity due to overexposure.
Figure 3.9 Concentric circular gratings fabricated using continuous exposure and rotation
of the substrate. (A) Simulation result for 180° rotation and continuous ex-
posure. (B) Experimental result for 180° rotation and continuous exposure.
Diffraction images for both are included as insets. Scale bar: 10 µm−1.
With increasing order of rotational symmetry, the sub-structures of the quasilattices approach
that of a concentric circle, as evident from both the simulation and optical images. This increase
in rotational symmetry can be continued indefinitely, and is only limited by the physical limits of
the photoresist response. In order to illustrate this behavior, a quasilattice with infinite rotational
symmetry was fabricated. This was achieved by a continuous exposure while rotating by 180°. The
results of this test are illustrated in Figure 3.9, which shows a simulation of this structure (Fig.3.9A)
along with a fabricated example (Fig.3.9B). The simulated result shows a set of perfect circles of
increasing radius. The perimeter of each ring is increased by the pitch value of the interferogram.
The diffraction image (Fig.3.9A, inset) shows a perfect circle, reflecting perfect circular symmetry,
and a constant reciprocal lattice vector equal to that of the pitch value. A photoresist sample with
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the same features was created by employing the LIL apparatus to perform a uniform exposure
while continuously rotating the sample. The resulting sample displays the same overall structure
consisting of concentric rings with increasing radius, as well as a near-perfect circular diffraction
pattern. A minor wobble is evident diagonally across the sample. This imperfection is due to a
slight offset in center of rotation of the sample holder with respect to the reflecting element in our
LIL system.
3.4.3 Superlattices using Lattice Orientation Offset or Lattice Periodicity Mismatch
Superlattices were fabricated either by 1) using angular offset between two overlapping identical
lattices or by 2) using phase mismatch between two overlapping lattices of similar type but with
different pitch values. Lattices fabricated using angular offset are shown in Figure 3.10 (computed
images are provided in Figure S.3.20, Supporting Information). Figs. 3.10A, B and C show su-
perlattices built from the overlap of two hexagonal lattices at offset of 5°, 10° and 20° respectively.
For example, for the structure built in Fig.3.10A, the sample was exposed at φ of 0°, 60° and 120°
to create the first hexagonal lattice. The sample was then exposed at 5°, 65° and 125° to create a
second hexagonal lattice overlapping the first one at an offset of 5°. Similarly, superlattices were
also created by overlapping two square lattices (Fig. 3.10D, E and F) at offsets of 5°, 10° and 20°
respectively. For example, the superlattice structure fabricated in Fig.3.10D was exposed with an
interferogram at 0° and 90° to create the first square lattice. The sample was then exposed with the
interferogram rotated to 5° and then 95° to create four exposures to produce an overlapping pair
of square lattices with an offset 5°. The lattice structures in Figs.3.10E and F were fabricated in
a similar manner but using offset of 10° and 20° between the two overlapping square lattices. The
pitch value of each exposure was set to ∼1.5 µm. The superperiodicities (periodicity of the sec-
ondary structure) that resulted from these treatments were dependent on the offset angle between
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the overlapping lattices and their individual pitch values. This periodicity (D) can be described
by:
D =
Λ
2 sin α2
(E.3.5)
where, Λ is the pitch value of the constituent lattices and α is the offset angle between the lattices.
As the offset angle increased in value, the superlattice structures became smaller in size and the
superperiodicity also became smaller. This is illustrated in Fig.3.10 where the offset angles (α) in
Figs.3.10D, E and F changed from 5° to 20°, the resulting superperiodicities changed from 17 µm
to 4.3 µm. The decrease in the superiodic lattices is evident in the images.
Figure 3.10 Light microscopy images of superlattices. Overlapped hexagonal lattices (A)
with 5° offset, (B) with 10° offset, (C) with 20° offset. Overlapped square
lattices (D) with 5° offset, (E) with 10° offset, (F) with 20° offset. Scale bar:
10 µm−1.
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Optical diffraction images of these superlattice structures are shown in Figure 3.11. Each of
these diffraction patterns result from the two constituent overlapping lattices. This can be clearly
seen in diffraction images from the overlapping hexagonal lattices (Fig.3.11A, B and C). These
produce diffraction pattern comprised of two simultaneous hexagonal patterns, each with the same
reciprocal lattice constant but with an angular rotation between them. The rotation between
lattices is noted in the images, and corresponds to of 5°, 10° and 20°, respectively. Notably, the
superlattice periodicity is not obvious in these hexagon diffraction images due to the scale of the
diffraction images.
Figure 3.11 HeNe diffraction images of fabricated Moire´ patterns. Overlapped hexagonal
lattices (A) with 5° offset, (B) with 10° offset, (C) with 20° offset. Overlapped
square lattices (D) with 5° offset, (E) with 10° offset, (F) with 20° offset. Scale
bar: 4 µm−1.
The diffraction patterns produced by the overlapping square lattices (Fig.3.11D, E and F)
include contributions from the primary lattice unit cells plus also show the superlattice periodicity.
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The primary square diffraction pattern from the individual square lattices dominates the primary
diffraction pattern, as noted in Fig.3.11D, with the angular offset of 5° noted. Within each of the
diffracted spots is the periodicity of the superlattice. This superlattice periodicity is most evident
within the diffraction image for the 10° angular offset (Fig.3.11E). The square diffraction features
with the largest reciprocal lattice correspond to the pitch of the primary unit cells. Within each of
these features, an additional diffraction pattern is also observed, which is the result of the supercell
lattice.
It should be noted that the order of rotational symmetry of superlattices are inherently lower
compared to quasilattices that are fabricated with an equivalent number of exposures because the
offset angle does not necessarily halve the lattice angles as it does in the quasilattice. However,
there is equivalence when the offset angle between two overlapping lattices is half the lattice angle.
In this case, the resultant structure becomes a quasicrystalline lattice. For example, if the offset
angle between two overlapping hexagonal lattices is 30° (offset angle 30° is a divisor of hexagonal
lattice angle of 60°) the resultant structure would be a 12-fold symmetry quasilattice structure as
was shown in Fig.3.7D and 3.8D.
In addition to angle offset, superlattices can also be created by using phase mismatch between
two overlapping lattices of similar type but of differing pitch values or overlapping biperiodic lat-
tices, as noted schematically in Figure 3.4,G. The mismatch in pitch values generates regions where
the periodicities are in phase and regions where they are out of phase (Figs. S.3.21 and S.3.22, Sup-
porting Information). These regions alternate to give rise to various superlattice structures. The
greater the difference between the pitch values, the shorter the periodicities of the superlattices.
Examples of several superlattice structures fabricated by LIL are shown in Figure 3.12. Fig.3.12A
depicts a linear superlattice made from superposition of two constant pitch gratings with pitch
values 7700 nm and 5800 nm. A similar linear superlattice with a more closely spaced superlattice
can be made from the superposition of constant pitch grating with values 7700 nm and 4220 nm
(Fig.3.12D). Due to the greater mismatch in overlapping pitch values, the periodicity of the super-
lattice is reduced. Similar superlattices can be created by overlapping square or hexagonal lattices
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with different pitch values. For example, a square superlattice can be created by overlapping square
lattices of two different pitch values that are more (Fig.3.12B) or less closely spaced (Fig.3.12E) to
create superlattice structures with larger or smaller periodicities. Overlapping hexagonal lattices
produce similar results, although with hexagonal superlattices.
Figure 3.12 Light microscopy images of fabricated biperiodic Moire´ patterns. (A) 1D
biperiodic patterns with small difference in pitch values. (B) Square lattice
made from the biperiodic patterns in (A). (C) Hexagonal lattice made from
the biperiodic patterns in (A). (D) 1D biperiodic patterns with large difference
in pitch values. (E) Square lattice made from the biperiodic patterns in (D).
(F) Hexagonal lattice made from the biperiodic patterns in (D). Scale bar: 10
µm−1.
3.4.4 Incommensurate Moire´ Lattices
A final set of complex lattices associated with incommensurate Moire´ patterns was created
by overlapping several interferograms with different pitch values and at various offsets. These
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Figure 3.13 Optical diffraction images of fabricated biperiodic supercell patterns. (A) 1D
biperiodic patterns with small difference in pitch values. (B) Square lattice
made from the biperiodic patterns in (A). (C) Hexagonal lattice made from
the biperiodic patterns in (A). (D) 1D biperiodic patterns with large difference
in pitch values. (E) Square lattice made from the biperiodic patterns in (D).
(F) Hexagonal lattice made from the biperiodic patterns in (D). Scalebar: 1.5
µm−1.
structures lack the high rotational symmetry demonstrated by quasilattices or superperiodicity
demonstrated by superlattices and can be considerably more complex in structure and form. To
create these structures, we varied both the pitch value of the interferogram and its angular orien-
tation in order to target a specific, desired periodicity in the diffraction pattern. Three different
examples of incommensurate lattice structures are shown in Figure 3.14, including simulated images
with an inset depicting the simulated diffraction pattern, optical images of the fabricated samples,
and optical diffraction patterns for each structure.
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Figure 3.14 Incommensurate Moire´ lattices. (A) to (C) simulation results of the nanos-
tructures. Scale bar: 10 µm. (D) to (F) experimental results of the nanos-
tructures. Scale bar: 10 µm. (G) to (I) Optical diffraction images of the
fabricated nanostructures. Scale bar: 1.5 µm−1. The first column is related
to structure fabricated by the following exposures: [θ = 1°, φ = 0°; θ = 1.5°,
φ = 45°; θ = 2°, φ = 90°; θ = 1.5°, φ = 135°]. The second column is related
to structure fabricated by the following exposures: [θ = 1°, φ = 0°; θ = 1.25°,
φ = 22.5°; θ = 1.5°, φ = 45°; θ = 1.75°, φ = 67.5°; θ = 2°, φ = 90°; θ = 1.75°,
φ = 112.5°; θ = 1.5°, φ = 135°; θ = 1.25°, φ = 157.5°]. The third column is
related to structure fabricated by the following exposures: [θ = 0.7°, φ = 0°;
θ = 0.9°, φ = 20°; θ = 1.1°, φ = 40°; θ = 1.3°, φ = 60°; θ = 1.5°, φ = 80°; θ
= 1.3°, φ = 100°; θ = 1.1°, φ = 120°; θ = 0.9°, φ = 140°; θ = 0.7°, φ = 160°].
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The first sample (Fig.3.14A, D and G) was fabricated with four exposures. The angle offset φ
between each exposure was set at 45° but the incident angle θ was varied to 1°, 1.5°, 2° and 1.5°
during four the exposures. The resultant incommensurate lattice is an overlap of four grids with
pitch values of 11.6 µm, 7.7 µm, 5.8 µm and 7.7 µm with an offset of 45° between each other, Similar
four sets of exposures with the same offset but without but variation in pitch values (Fig. 3.7B
and Fig.3.8B) produced 8-fold symmetry quasilattices with diffraction image consisting of 16 first
order diffraction spots arranged in a circle. In case of this incommensurate lattice, the pitch was
decreased and then increased to the original value during four exposures. Therefore, the spacing
between first order diffraction spots decreased and then increased to the original value. Unlike
the 8-fold quasilattices, the 16 first order diffraction spots for the incommensurate lattice were
arranged in a squeezed circle. The eccentricity was introduced by variation in the pitch values of
the gratings. The simulated structure with computed diffraction image as an inset is shown in Fig.
3.14A. The supporting experimental optical image and measured diffraction image are shown in
Fig. 3.14D and Fig. 3.14G.
The second and third incommensurate lattice (Fig. 3.14B, E, I and Fig. 3.14C, F, J respectively)
were fabricated using eight and nine exposures respectively and varying the pitch values of the
overlapping gratings. Increasing the number of exposures gave rise to more number diffraction spots
making a more continuous pattern with the first order diffraction spots During the 8 exposures, the
offsets were of the same value of 22.5°, similar to the 16-fold symmetry quasilattices (Fig. 3.7F and
Fig. 3.8F), but the incident angle θ was varied linearly from 1° to 2° and then back to 1°, changing
θ by 0.25° between exposures. The resultant lattice structure (simulated image in Fig. 3.14B and
optical image in Fig. 3.14E) had complex pattern. But the first order diffraction spots formed an
ellipse reflecting the variation in pitch values of the grating. For the incommensurate Moire´ lattice
fabricated by nine exposures (Fig. 3.14C, F and J), the resultant lattice has even more complex
pattern owing to larger number of overlapping gratings structures. But the diffraction image (Fig.
3.14C inset and Fig.3.14J) reveal the constituent gratings pitch values and orientations φ. Similar
to the eight-exposure incommensurate lattice, this lattice structure also produced diffraction spots
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arranged in an ellipse. It is important to note, the demonstrated technique of multiple exposures and
the capability to control pitch value of each exposure enable fabrication of any target reciprocal
lattice with a symmetry of at least 2-fold. All the incommensurate lattice presented here have
reciprocal lattice of 2-fold as evident from the diffraction image.
The various lattice structures demonstrated in this paper have potential application as photonic
crystal and platform for exciting surface plasmon with unique properties. We laid out possible
application areas for the following lattice structures we fabricated: high symmetry quasilattices,
superlattices, incommensurate Moire´ lattices and concentric circular gratings.
The high symmetry quasilattices have superior photonic band gap properties [146] i.e. higher
symmetry quasilattices give rise to higher quality band gap compared to conventional lattices
for a given refractive index of the photonic crystal materials. The relaxation in refractive index
requirement enables photonic crystal to be fabricated using dielectric materials whose refractive
index is closer to refractive index of materials of other optical elements. This potentially could
reduce coupling losses during light transmission. In addition, higher symmetry photonic crystals
are more insensitive to anisotropy or presence of defect which makes them preferable for wave-
guiding and fabrication of photonic cavities. The high symmetry quasilattices could also be used
as a beam splitter optical element.[147] The superlattice 2D crystals could be attractive for gen-
erating slow plasmon modes and confining plasmon modes within small space. The slow plasmon
modes could potentially be used in plasmon based lasing application [124] or plasmon cavity based
Rabi splitting.[148] Superlattices could form chiral structures.. This property makes them interact
differently with right or left circularly polarized light. This attribute could be utilized in plasmonic
detection of chiral molecules.[139]
Incommensurate lattices have lower order of symmetry compared to the quasilattice counter-
parts. When the lattices are made plasmonic, quasilattices excite degenerate plasmonic modes.
However, incommensurate lattice produces fewer degenerate plasmonic modes leading more in-
tersection between different plasmonic modes and generation plasmonic bandgaps.[122] Therefore
incommensurate lattice could be crucial in plasmonic band gap engineering.
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The concentric circular grating fabricated has infinite order of symmetry. As a plasmonic
substrate it could interact with unpolarized light and direct plasmon modes toward the center
creating strong electric field. Such lattice could be useful as absorption material for high efficiency
solar cell[149] or highly sensitive surface enhanced spectroscopic techniques.
3.5 Conclusion
In summary, LIL can fabricate complex two-dimensional quasilattices and other Moire´ lattices
by multiple exposures of photoresist before development. The orientation of substrate and the
pitch value of the interference pattern to which the photoresist is exposed can be controlled to
create a target lattice structure. Using this technique, we fabricated quasilattices with order of
symmetry as high as 22-fold. We also demonstrated fabrication concentric circular grating with
infite order of symmetry by continuous rotation of the substrate during exposure to interference
pattern. Superlattices were fabricated by overlap of lattices with an offset between them. The
magnitude of offset can be controlled to determine the superperiodicity of the superlattices. In
addition, overlap of interference pattern of different pitch value and at different orientation five rise
of incommensurate Moire´ lattices. All the lattices were characterized optically, and their reciprocal
lattice space determined using diffraction imaging. A model was developed to accurately predict
the resultant lattice structure after n number of exposures with different interference pattern. The
diffraction images were also verified using fourier transform of the simulated images. We anticipate
that lattices fabricated would expand the role of LIL technology in patterning unique photonic and
plasmonic devices.
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3.6 Supporting Information
Figure S.3.15 Laser Interference Lithography set-up. The laser source consists of a 405
nm diode laser source. The light passes through a 1/4 wave plate and
linear polarizer. The spatial filter expands the beam into a gaussian profile
beam. The beam the goes to the reflecting element and substrate holder
arrangement. The substrate is mounted on a rotatable substrate holder
to control orientation of the substrate during exposures. The mirror is
also mounted on a rotatable holder to control the angle of the mirror with
respect to the incoming beam and therefore control the pitch value of the
interference pattern.
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Figure S.3.16 Experimental setup to record diffraction characteristics of fabricated nanos-
tructures. The setup consists of a 632 nm HeNe laser source. The beam
from laser is transmitted perpendicularly through the nanostructures. The
diffracted light is projected on a translucent screen made of a thick paper
sheet. The images of the diffraction spots are recorded by a camera from
the opposite side of the screen.
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Intensity Distribution of Single Exposure
Figure S.3.17 Diagram to illustrate theory of LIL A. Sideview of incoming beam A and
A′ being incident on the photoresist and mirror respectively. Beam A′ is
reflected from the mirror as beam B onto the photoresist surface. B. In-
tensity distribution of the two interfering beams on the sample assuming
that the beams are homogenous and have equal intensities. C. The solid
colored substrate shows the orientation of the substrate during first expo-
sure. During second exposure, the substrate is rotated by angle φi as shown
by the outline of the substrate. The rotation changes the coordinate of the
intensity distribution on the substrate by −x sinφi + y cosφi
Lloyds mirror interferometer consists of a mirror perpendicularly mounted to the sample coated
with photoresists as shown in S 1A. The mirror reflects a portion of the beam (represented by A′)
onto the substrate. On the substrate, the direct beam (A) and the reflected beam (B) interfere cre-
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ating Bragg interference pattern, which is recorded by the photoresist. The following two equations
represent the two time-independent linearly polarized interfering plane waves:
~EA(~r) = ~EA cos( ~kA · ~r + φA) (E.3.6)
~EB(~r) = ~EB cos( ~kB · ~r + φB) (E.3.7)
where ~EA(~r) and EB(~r) are the electric fields of interfering waves at the intersection point y of beam
A and B. ~EA and ~EB are the amplitudes of the two waves. kA and kB are wave vectors whose
directions represent the direction of propagation of the waves and their magnitudes determines
wavenumber of the waves. The magnitude of k is given by k = 2piλ ·~r is the position vector. φA and
φB are the initial phase angles of the two waves. At point y, where the two propagating waves A
and B meet, we can apply the principle of superposition to find the total electric field. Principle
of superposition states that at any point in space the total electric field is given by the vector sum
of the electric fields of the individual plane waves [122]. Therefore, the total electric field ~ET (~r) at
y is given by:
~ET (~r) = ~EA(~r) + ~EB(~r) (E.3.8)
Or, equivalently,
~ET (~r) = ~EA cos( ~kA · ~r + φA) + ~EB cos( ~kB · ~r + φB) (E.3.9)
The irradiance or intensity, I, of an electric field is given by the following equation: I = 1/2
√
ε
µ | ~ET (~r)|2,
where ε is the dielectric constant (also called electric permittivity) and µ is the magnetic perme-
ability of the material. Since it is common in optics to compare intensities of electromagnetic waves
propagating in the same material, we can forgo the common factors in equation E.3.10:
I = | ~ET (~r)|2 (E.3.10)
By expanding equation E.3.10 using equation E.3.9, we have:
I = [ ~EA cos( ~kA · ~r + φA) + ~EB cos( ~kB · ~r + φB)]2 (E.3.11)
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Or, equivalently,
I = | ~EA|2 + | ~EB|2 + 2 ~EA ~EB cos
(
( ~kA − ~kB) · ~r + (φA + φB)
)
(E.3.12)
I = IA + IB + IAB (E.3.13)
where, IA and IB are the irradiances of the individual waves and IAB is known as the interference
term. From the definition of irradiance, IAB can be expressed as IAB = 2
√
IAIB cos δ, where
δ = ( ~kA − ~kB) · ~r + (φA + φB). If we assume that the interfering beams have equal amplitude,
IA = IB = I0, Equation E.3.13 simplifies to:
I = IA + IB + 2
√
IAIB cos δ = 4I0 cos
2
(δ
2
)
(E.3.14)
The value of δ can be found from Fig. S 3A. Beam A′ undergoes reflection at the mirror surface
and therefore beam B attains a phase shift of with respect to beam A. The position vector r is
the path difference between beam A and B and is given by (2y sin θ. Using these two expressions,
equation E.3.14 further simplifies to:
I = 4I0 cos
2
(δ
2
)
= 4I0 cos
2
(
1
2
(
( ~kA − ~kB) · ~r + (φA + φB)
))
= 4I0 cos
2
(
1
2
(2pi
λ
× (2y sin θ) + pi
))
= 4I0 sin
2
(2piy
λ
sin θ
)
(E.3.15)
Equation E.3.15 expresses the spatial intensity distribution of interfering beam A and beam B. A
two-dimensional plot of the intensity distribution is shown in S 1B.
Intensity Distribution of i Subsequent Exposures If the sample is placed on the xy
plane and rotated by angle φi, the y coordinate transforms to −x sinφi + y cosφi. Therefore,Ii =
4I0 sin
2
(
2piy sin θ
λ (−x sinφi + y cosφi)
)
where, i is the number of exposures, 4I0 determines the intensity and can be replaced with a constant
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βi which represents the sensitivity of the photoresist during each exposure. For multi-exposure, the
intensity is given by the sum of intensity at each exposure:
Itotal =
∑
i
Ii ==
∑
i
βi sin
2
(2piy sin θ
λ
(−x sinφi + y cosφi)
)
(E.3.16)
where, Itotal is the sum of the intensity distribution on the substrate from all the exposures. Figure
3 in the text illustrates intensity distribution for single (i = 1), two (i = 2) and three exposures (i
= 3) at specific rotation angles.
Matlab code for simulating total intensity distribution after i subsequent exposures
88
Figure S.3.18 Simulating diffraction characteristics of the simulated lattice structures. The
images from MATLAB were converted into binary images. FFT was per-
formed on the binary images to find the diffraction spots. The diffraction
spots were embellished to make them more conspicuous.
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Figure S.3.19 (A) Fourier transform of a hexagonal lattice structure. The diffraction spots
are labelled with basis vectors k1, k2 and k3; (B) Fourier transform of a
10-fold symmetry quasilattice structure. The diffraction spots are labelled
with basis vectors k1, k2, k3, k4 and k5; (C) Diffraction image of a hexagonal
lattice with indexed reciprocal basis vectors shown in A; (D) Diffraction im-
age of a 10-fold symmetry quasilattice with indexed reciprocal basis vectors
shown in B.
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Figure S.3.20 Simulated Moire´ patterns. Overlapped hexagonal lattices (A) with 5° offset,
(B) with 10° offset, (C) with 20° offset. Overlapped square lattices (D)
with5° offset, (E) with 10° offset, (F) with 20°offset. Scale bar: 10 µm.
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Figure S.3.21 Schematic illustrating the concept of superlattice formation due to mismatch
of pitch values. (A) Superposition of two waves with large difference in their
pitch values to produce superlattice structure with short superperiodicity.
(B) Superposition of two waves with small difference in their pitch values
to produce superlattice structure with long superperiodicity. The superpe-
riodicities are indicated by the red double headed arrows.
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Figure S.3.22 Biperiodic Moire´ patterns. (A) 1D biperiodic patterns with small difference
in pitch values. (B) Square lattice made from the biperiodic patterns in (A).
(C) Hexagonal lattice made from the biperiodic patterns in (A). (D) 1D
biperiodic patterns with large difference in pitch values. (E) Square lattice
made from the biperiodic patterns in (D). (F) Hexagonal lattice made from
the biperiodic patterns in (D). Scale bar: 10 µm.
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CHAPTER 4. TEMPLATING COLLIDAL CRYSTAL GROWTH USING
CHIRPED SURFACE RELIEF GRATINGS
Russell Mahmood; Andrew Mettry; Andrew C. Hillier∗
Langmuir, 2018, 34 (30), pp. 8828-8838
“Will we ever be able to put the parts of a computer into a bucket, shake gently, and
see a computer spontaneously emerge? Not soon: but even small steps in the direction
of self-assembly could save enormous effort by humans and machines.”
–George M. Whitesides
4.1 Abstract
We report a method for controlling the lattice geometry of monodisperse colloidal crystals
formed by confined convective self-assembly on a substrate patterned with a chirped surface relief
grating. Chirped gratings were fabricated using laser interference lithography and a curved mirror
reflector to create photoresist patterns with pitch values ranging from ∼ 500 nm to >10000 nm
spread over a planar surface. These surface nanostructures are shown to guide the formation of
various lattice geometries not normally found via colloidal assembly on planar surfaces. It is shown
that when the pitch of the grating is much larger than the diameter of the colloidal particles, the
grating trenches serve as compartments for deposition and the particles form close-packed, linear
chains. Various ordered structures are observed as the dimensions of the grating pitch decrease and
approach the diameter of the particles. The grating nanostructures guide the formation of various
lattice geometries due to specific particlesurface and particleparticle interactions. Observed crystal
lattices include square, hexagonal, and rhombic structures. The formation of these structures is
explained in terms of the geometrical constraints imposed by the surface pattern and the particle
diameter. These crystal lattices can be translated into large area samples when using corresponding
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single-pitch grating substrates. The initial monolayer lattice can also serve as a template for the
growth of unique, bilayer structures that include rectangular lattices, chains of particle pairs or
triplets, and graphitelike structured lattices. In addition, when coated with a thin silver layer,
these various lattice configurations are shown to produce optical reflection features that are precisely
controlled by the underlying structure as it varies from widely spaced particle chains to close-packed
lattice geometries.
4.2 Introduction
Nanometer and micron-sized particles are versatile building blocks for the fabrication of two-
dimensional (2D) and three-dimensional colloidal crystals.[150, 151] Colloidal crystals are of im-
portance in part due to the useful optical properties they exhibit, such as photonic band gaps [152]
and stop-bands,[153] which appear owing to their structural periodicities being comparable to the
wavelength of light. These structures have potential use as photonic crystals, with applications that
include waveguides,[154] optical switches,[155] and optical filters.[156, 157] In addition to optical
applications, the uniformity and ordering of colloidal crystals create features that are attractive in
technologies such as substrates for surface-enhanced Raman spectroscopy,[158] catalytic surfaces
and supports,[159, 160] and templates for epitaxial growth.[161]
Monodisperse colloidal particles naturally self-assemble into close-packed, hexagonal crystal
structures.[162] Various methods have been demonstrated for control over the self-assembly of col-
loids into different structures, including the use of electric fields,[163] focused optical fields,[164] and
magnetic fields in the case of magnetic particles.[165] Directed assembly has also been demonstrated
using patchy colloidal particles.[166]
Patterned surfaces have been used to direct particle assembly.[167] These systems physically
confine the colloidal particles on a surface, which gives rise to new arrangements of particles that
differ from the organization favored by natural self-assembly.[168] Substrates with various pat-
terns, including rectangular channels,[169] pyramidal, circular and pear-shaped cavities,[170] and
V-shaped grooves,[167] have been used to direct self-assembly of colloidal particles into various
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structures. Among the various substrate patterns, one-dimensional linear patterns or gratings are
the simplest and easiest to fabricate. Indeed, gratings have been used to guide the formation of
particle chains and hexagonal and square lattices using a collection of different ratios of particle
diameter to grating pitch value.[92, 171, 172]
In this work, we explored the impact of grating pitch on colloidal crystal formation using a
substrate with a large and continuous structural variation in the form of a chirped relief grating.
Unlike single-pitch gratings, the pitch value of a chirped grating varies continuously from a low to a
high value across the length of the substrate and, therefore, enables the observation of a continuous
change in lattice structure due to changing pitch values underneath the colloidal crystal. We
used laser interference lithography (LIL) with a curved mirror to fabricate the chirped gratings.
The pitch values of the gratings varied over a wide range from ∼500 nm to >10000 nm over a
length of ∼1 in. of the sample. We used confined convective self-assembly to deposit a monolayer
of colloidal particles of different diameters on the chirped grating substrate. This technique can
rapidly deposit high-quality crystal films over a large surface.[173] We extensively studied the
lattice structures using scanning electron microscopy (SEM) and optical diffraction to develop a
generalized relationship between particle diameter, grating pitch value, and the resulting lattice
geometry. In addition to hexagonal and square lattices, we observed rhombic structures of varying
lattice angles. These lattices were also produced in large area by deposition on a single-pitched
grating. We observed that the same lattice type could recur at different pitch values. In addition,
we observed a collection of unique lattice structures when subsequent layers were deposited on
the initial colloidal monolayer. Finally, we demonstrated that the various lattice geometries create
specific optical signatures when coated with a thin silver layer.
4.3 Experimental Section
4.3.1 Materials and Reagents
Microscope slides and liquid detergent (Decon Neutrad) were obtained from Fisher (Waltham,
MA). Deionized water with electrical resistivity exceeding 18 M cm was used for cleaning and
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rinsing of samples (NANOPure, Barnstead, Dubuque, IA). A positive photoresist (PR) was used
for LIL (Microposit, S1813, Rohm and Haas Electronic Materials LLC, Philadelphia, PA). UV
curable optical adhesive (NOA 61, Norland) and poly(dimethylsiloxane) (PDMS) silicone elastomer
kit (Sylgard 184, Dow Corning, Midland, MI) were used as received. An aqueous suspension of
polybead sulfate (PS) microspheres with diameters of 1.1 and 2.0 m and at a concentration of 2.6
w/v % each was purchased from Polysciences Inc. (Warrington, PA).
4.3.2 Fabrication of Chirped Gratings
The overall workflow for grating fabrication consisted of several steps (Figure S.4.11, Supporting
Information). Glass substrates were first cleaned by scrubbing with a 2% Decon NEUTRAD
solution followed by sequential rinsing with deionized (DI) water, acetone, and ethanol, followed by
blowing dry with nitrogen gas. Several drops of S1813 photoresist were placed on a clean glass slide
and allowed to spread. The photoresist was then spun at 4000 rpm for 60 s using a commercial spin
coater (model WS-650MZ-23NPP, Laurell Technology Corp., North Wales, PA). The resist-coated
substrate was soft-baked on a hot plate at 90 °C for 1 min. The sample was then exposed with a
home-built LIL system (vide infra). After exposure, the sample was hard-baked for 3 min at 110
°C, cooled under a stream of nitrogen, and developed using MICROPOSIT 352 developer for 1 min.
After development, the sample was cleaned by rinsing with DI water for at least 1 min and blown
dry with nitrogen gas.
The resulting grating was then transferred to a PDMS master using a procedure described
previously.[83] The PDMS master was used to create several grating replicas by sandwiching a few
drops of UV curable adhesive (NOA 61, Norland) between the PDMS surface and a clean glass
slide. The adhesive was cured by exposing to a 100 W, 365 nm ultraviolet flood lamp (Sb-100P,
Spectroline) for 45 min. After curing, the PDMS master could be removed by peeling to reveal
a pristine, optically clear epoxy grating on glass. To make the surface uniformly hydrophilic, it
was plasma oxidized (PDC-32G, Harrick) for 5 min at 45 W radio frequency power. These grating
replicas were then used as substrates for colloidal deposition.
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4.3.3 Laser Interference Lithography (LIL)
A custom-built Lloyds mirror LIL apparatus was employed to expose an interference pattern
of chirped periodicity onto the photoresist layer. A 40 mW, 405 nm diode laser (Oxxius, Lannion,
France) was used as the coherent light source. The beam from the laser was expanded and filtered
using a 25 µm spatial filter (Thorlabs, Newton, New Jersey). A hemicylindrical mirror was used as
the reflecting element, which was positioned at 90° with respect to the sample holder. The reflecting
element was fabricated by depositing ∼100 nm silver (99.999%; Ted Pella, Redding, CA) on an
uncoated hemicylindrical lens with radius of curvature of 49 mm (Edmund Optics, Barrington,
NJ) using a thermal evaporator (Bench Top Turbo III, Denton Vacuum, Moorestown, NJ). The
deposition rate of silver was 0.1 A˚/s, and a pressure of <10−5 Torr was used. The LIL apparatus
was placed on an optical table (Thorlabs, Newton, NJ) to minimize mechanical vibrations.
4.3.4 Coating of Colloidal Crystals
Thin colloidal films were coated onto either flat glass or chirped grating substrates using a
custom-built blade coating apparatus. The apparatus consisted of a computer-controlled xyz po-
sitioning stage interfaced with a custom control software program that allowed precise positioning
and translation of a coating blade across the sample surface. The positioning system consisted of
a motor driver (UNIDRIV6000, Newport Corp., Irvine, CA) connected to three integrated stepper
motor/linear translation stages (ILS Series, Newport Corp.) configured to provide three indepen-
dent directions of motion. The motor driver was interfaced via a motion controller card (ESP6000,
Newport Corp.) to a personal computer. The coating blade position was controlled with a custom
program written in LabView (National Instruments, Austin, TX). A heat gun (VT-750C, Master
Appliance Corp., Racine, WI) with adjustable temperature feature was used to blow air toward
the coating apparatus from a distance of ∼1 m at a volumetric flow rate of 23 CFM.
For the deposition of colloidal crystals, a droplet of PS colloidal solution was placed between the
substrate and a clean glass slide coating blade (vide infra). The substrate was fixed horizontally on
a holder and the coating blade held by the programmable positioning system such that it could be
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translated horizontally at a constant rate to spread the droplet. The coating blade was manually
aligned and a uniform gap created with the substrate using a 0.2 mm piece of tape as a spacer to
ensure that the meniscus of solution was parallel to the grating grooves during deposition. The
spacing between the substrate and blade was held constant. The heat gun was used to blow air at
a constant rate toward one end of the substrate while translating the coating blade. We obtained
monolayer colloidal crystals using a pull rate of 30 µm/s, a spacing of 0.2 mm between substrate
and blade, ambient temperature for the blown air, and a 2.6% (w/v %) solution of 1.1 µm PS
colloidal solution. For deposition of 2.0 µm PS colloidal solution, the pull rate was reduced to 20
µm/s and all other conditions were kept constant. To create bilayer films, the pull rate was reduced
to 20 and 10 µm/s for 1.1 and 2.0 µm colloidal solutions, respectively, keeping all other conditions
constant.
4.3.5 Metal-Coated Colloidal Crystals
Metal-coated colloidal crystal films were created by coating a thin layer of silver on the surface of
the crystals. Thermal vapor evaporation (model Bench Top Turbo III, Denton Vacuum, Morestown,
NJ) was used to deposit ∼100 nm of silver (99.999%) (Ted Pella, Redding, CA) by resistive heating
from a tungsten wire basket at a rate of 0.1 A˚/s and a pressure of <10−5 Torr. The optical
response of the sample was collected at normal incidence using unpolarized light with a Fourier
transform infrared (FTIR) microscope (Nicolet Continuum Infrared Microscope with Nicolet iS50
FTIR, Thermo Fisher) with a 15× objective, 40×40 µm2 aperture size, and liquid nitrogen-cooled
mercury cadmium telluride detector.
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Figure 4.1 Schematic of laser interference lithography (LIL) apparatus, including 405 nm
laser source, spatial filter, hemicylindrical mirror, and a photoresist-coated sub-
strate, to capture the interference pattern. Inset depicts reflected ray (R) and
direct ray (D) falling on the substrate with incident angles θr and θd, respec-
tively. The dotted ray illustrates how the curvature of the mirror surface alters
angle of the reflected ray falling on the substrate.
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4.3.6 Scanning Electron Microscopy (SEM)
A JEOL JSM-6010PLUS/LA scanning electron microscope (JEOL, Peabody, MA) was used
to collect micrographs of colloidal crystals at various substrate locations. Samples were imaged
uncoated under low vacuum mode (∼50 Pa) using a tungsten filament at 20 keV accelerating
voltage and a solid-state backscattered electron detector.
4.3.7 Atomic Force Microscopy (AFM) Imaging
A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco Metrology,
LLC, Santa Barbara, CA) was utilized to obtain the height profile of the grating surface. Imaging
was conducted in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, LLC, Santa
Barbara, CA) with a spring constant of ∼79 N/m and resonance frequency of ∼258 kHz.
4.3.8 Optical Diffraction
Optical diffraction measurements were performed using either an Olympus BX51 optical micro-
scope or with a custom-built optical apparatus. The optical microscope was equipped with a 40×
dry objective, a Bertrand lens, and a narrow bandpass optical filter centered at 630 nm. The custom
diffraction apparatus consisted of a 632 nm HeNe laser, a sample mount, a projection screen, and a
camera (Figure S.4.12, Supporting Information). Samples were mounted in front of the laser, and
images of the diffraction pattern were acquired at a fixed distance from the sample. Transmitted
light from a HeNe laser was projected through the grating sample onto a screen and the diffraction
pattern analyzed. According to the grating equation (equation E.4.1) and the system geometry
(equation E.4.2), the diffraction pattern can be related to the pitch value of the grating (Λ), the
wavelength of the HeNe laser (λ = 632 nm), the distance between the grating and the screen (d),
the distance between the diffracting spot and the center (x), and the diffraction order (m) being
observed.
Λ sin θ = mλ (E.4.1)
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sin θ =
x
x2 + d2
(E.4.2)
4.4 Results and Discussion
4.4.1 Fabrication of Chirped Gratings
Fabrication of chirped surface relief gratings possessing a wide range of pitch values was achieved
using laser interference lithography (LIL).[174] Traditional LIL uses plane mirror to fabricate single-
pitch grating,[29] which we modified by replacing the plane mirror with a curved mirror to fabricate
chirped pitch grating. The experimental setup is shown in Figure 4.1. A more detailed explanation
of the chirped grating formation using this technique can be found in the Supporting Information.
A ray tracing diagram of the experimental setup is given in Figure S.4.13.
Figure 4.2 Pitch values as measured by optical diffraction through the chirped grating as a
function of position along the surface. (Inset) optical image of chirped grating
on photoresist-covered glass slide. The white arrow indicates the direction of
decreasing pitch values.
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Figure 4.2 depicts an image of the samples along with the measured pitch values of the chirped
grating as a function of position along the surface. The pitch value varies considerably along the
sample. At the extreme left edge of the sample, the grating pitch is >10000 nm. The value decreases
continuously across the ∼25 mm length of the sample, approaching 500 nm at the far right edge.
The shape of the grating grooves was sinusoidal with continually varying pitch value and average
amplitude of ∼200 nm, as measured by AFM. The radii of the colloidal particles used in this work
were more than twice the amplitude of the gratings. This ensured that particles in adjacent grooves
were able to contact with each other and interact during deposition.
Figure 4.3 Schematic of confined convective self-assembly technique used for deposition of
the colloidal crystal films.
4.4.2 Self-Assembly of Colloidal Monolayer on Chirped Gratings
Colloidal crystals were deposited with the chirped gratings serving as a template during deposi-
tion. Either single monolayer or bilayers of polybead sulfate (PS) colloidal spheres were deposited.
Charged PS colloids were used because they are stabilized against aggregation[175] and produce
high-quality crystals.[176] We have utilized the confined convective assembly technique for deposi-
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tion (Figure 4.3)[173] where a coating blade is used to uniformly spread the colloidal solution on
the substrate. An air stream served to enhance evaporation of water from the meniscus to promote
self-assembly of the particles into ordered lattice structures on the substrate. The evaporation of
water vapor causes an influx of colloid solution from between the substrateblade gap toward the
meniscus to replenish the colloid supply.[173, 177] The traveling blade drags the meniscus along
the substrate to deposit a colloidal crystal layer on it.
Figure 4.4 Image of 1.1 µm PS colloidal monolayer crystal prepared by confined convective
self-assembly on a chirped grating surface where the pitch increases along the
direction of the arrow.
The number of layers of colloidal crystal generated was a function of the concentration of the
colloidal solution, the evaporation rate of water from the meniscus as was controlled by the flow
and temperature of the blown air, and the speed of the traveling meniscus on the substrate as
was controlled by the pull rate of the coating blade.[173] Both the concentration and evaporation
rate determined the growth rate of the crystal, whereas the meniscus speed determined the growth
time. The spacing between the substrate and the coating blade determined the volume of solution
held in between them by capillary force for deposition. We utilized conditions that produced either
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monolayer colloidial crystals or bilayers by adjusting the deposition conditions (see Experimental
Section). The pull rate of the blade was varied, keeping the colloid concentration and evaporation
rate constant, to change between monolayer and bilayer colloidal crystal deposition. For bilayer
deposition, a lower pull rate was used as it increased the growth time of the crystal and allowed
deposition of more particles at the meniscus. The spacing between substrate and blade was fixed at
0.2 mm with a spacer, which allowed the appropriate amount of colloidal solution to be deposited
over the entire substrate. Large area films could be created using this deposition method, as shown
in Figure 4.4, for a monolayer-coated chirped grating substrate.
4.4.3 Monolayer Colloidal Crystal Lattice Structures
Spherical colloids can assemble into a variety of different 2D crystal lattices. Under ambient
conditions and in the absence of any external forces, the colloidal particles self-assemble into a
close-packed, hexagonal lattice to minimize the overall system free energy.[178] Figure 4.5 shows a
SEM image of hexagonal crystal lattice formed by deposition onto a flat substrate.
Figure 4.5 SEM image of a partial monolayer of 1.1 µm PS particles deposited on a flat
glass surface. Scale bar: 10 µm.
When using a chirped grating as a substrate, we were able to orient and direct the assembling
colloids and thereby disrupt their natural tendency to form a hexagonal lattice. The pitch value
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of the gratings provides a method to direct the morphology of the resulting crystals via substrate-
directed growth. Figure 4.6 summarizes the observed lattice structures that appear at various
points along the chirped grating. It also includes generalized relationships between the diameter of
particle and pitch value of gratings and the resultant lattice structure at the top of each panel. Over
the range of periodicities from >10000 to ∼500 nm, the lattice structures changed continuously
from chainlike crystal structures at large pitch values (regions 12) to square (region 3), rhombic
(regions 48), and hexagonal (region 9) lattice structures. In general, when the pitch of the grating
was much larger than the particle diameter, the particles crystallized in the grooves of the gratings,
giving rise to chains of particles. In this case, the gratings merely compartmentalized the colloids
into different channels. When the grating pitch approached the size of individual particles, the
gratings influenced the arrangement of particles on the surface by preferentially limiting their
mobility perpendicular to the grating groove direction and increasing particleparticle interaction.
This resulted in self-assembly of a range of lattice structures fostered by the grating pitch.
We have categorized the observed structures into regions labeled 19 based on the different lattice
structures and the ratio between grating pitch (Λ) and particle diameter (dp). The results have
been generalized and confirmed on the basis of two different sample formats, one deposited with
1.1 µm particles and the other with 2.0 µm particles. The diffraction characteristics of the different
lattice structures are shown in Figure 4.7. The center spot in each diffraction image corresponds
to directly transmitted light (zeroth order), while the first-order diffraction peaks from the grating
are marked ±1. The colloidal crystal lattice structure produces the remaining diffraction spots and
also contributes to the ±1 spots.
As noted in these diffraction images, the pitch value decreases from region 1 to region 9, which
is indicated by the increasing distance between the zero and ±1 diffraction peaks. The degree of
crystallinity of each lattice structure is indicated by the distinctness of the peaks in the diffraction
image. All of the regions are crystalline, except that more disorder is observed along the particle
chains (perpendicular to the grating direction) in regions 1 and 2.
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Figure 4.6 SEM images of 1.1 µm colloidal crystal lattices from the nine different sample
regions (regions 19 as noted in panels (a)(i)). The lattice structure observed
in each region is depicted in the schematic above each image along with the
relationship between the particle diameter (dp) and grating pitch (Λ). dgroove in
region 1 represents the width of the grooves. Scale bars on each image represent
2 µm.
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Figure 4.7 Optical diffraction images of 1.1 µm colloidal crystal lattices at nine different
sample regions based on grating pitch value Λ, particle diameter dp, and groove
width dgroove. (1)Λ  dp and dgroove > dp, (2) Λ  dp and dgroove ≈ dp, (3)
Λ ≈ dp, (4) dp > Λ >
√
3
2 dp, (5) Λ ≈
√
3
2 dp, (6)
√
3
2 dp > Λ >
√
2
2 dp, (7)
Λ ≈
√
2
2 dp, (8)
√
2
2 dp > Λ >
1
2dp, (9) Λ ≈ 12dp. Scale bar: 100/nm.
In region 1, the particles settle into the grooves of width dgroove to form chains of single columns
or multiple columns of particles. The pitch value of the gratings is larger than the diameter of
particles, Λdp > 1, which ensures that there are no interactions between particles in neighboring
grooves. Therefore, the structures lack long-range two-dimensional order, unless a group of par-
ticle chains is initiated at a similar location somewhere else on the sample, such as at a surface
defect. This is consistent with the disorder observed in the diffraction image (Figure 4.7, region
1). For larger groove widths,
dgroove
dp
> 1 , that can capture multiple particles (Figure 4.6, region
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1, left), hexagonal-packed chains of particles are formed within the groove. This observation can
be attributed to shallow depth and inclined walls of the groove, which allows the settling particles
to adjust their height slightly to maintain a closest-packed lattice structure. The phenomena is
further illustrated in region 1 of the schematic (Figure S.4.14). As the width of the groove gets
smaller, the crystal chains get thinner until the particles form a one-particle wide, single-column
continuous chain (Figure 4.6, region 1, right).
Region 2 consists of single-column, continuous particle chains (Figure 4.6, region 2). In this
region, the periodicity of the grating is large compared to the particle diameter but the groove
width is just large enough to allow settling of a single chain of particles, Λ > dp and dgroove . dp.
Analogous to region 1, this region lacks long-range crystallinity in two dimensions because there
are no interactions between particles in neighboring chains. This is evident from the diffraction
image (Figure 4.7, region 2). There are no distinct diffraction spots due to the particles, but instead
they produce continuous diffraction lines above and below the zeroth order spot. The separation
between the two diffraction lines is determined by the size of the particles. As the pitch decreases,
the chains are brought closer together. When the particles in the adjacent chains touch each other,
region 2 transitions to region 3.
Region 3 is formed when the pitch of the gratings matches the diameter of the particles (Λ ≈ dp).
In this region, the chains of particles from region 2 are now in contact with each other. Each
particle interacts with four neighboring particles: two within its groove and two across its groove.
The resultant structure is a square lattice with the lattice diagonal at 45° to the grating direction
(Figure 4.6, region 3). The diffraction image shows six bright spots that include the zero and first
orders, forming a perfect square, which is a characteristic of a square lattice.
Region 3 quickly transitions into region 4, which consists of rhombic lattices. Region 4 consists
of the range of pitch values, , where the pitch of the grating is too small for particles to form a
square lattice and too large for a close-packed hexagonal lattice. This structure supports rhombic
lattices of varying lattice angle across the range of the pitch, as shown in Figure 4.6. The schematic
in Figure S.4.14 shows that the particles are bound in a rhombic lattice with the major diagonal of
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the rhombus at some angle with respect to the grating direction. The acute angle of the rhombic
lattice, denoted as , is less than 90°. As the grating pitch decreases in this region, the acute angle
of the rhombic lattice decreases and approaches 60°. The diffraction image of this region shows
characteristics of rhombic lattice (Figure 4.7, region 4). When the acute angle of rhombic lattice
reaches 60°, it is equivalent to a hexagonal lattice (region 5).
Region 5 is formed when the periodicity of the grating is . The particles are locked in a close-
packed hexagonal lattice, and interstitial space is minimized (Figure 4.6). The diffraction image
shows six distinct spots at the corners of a perfect hexagon. White lines joining neighboring spots
form a rhombus with acute angle γ = 60°, which is the property of a hexagonal lattice. The height
of the equilateral triangle formed by the lattice is equal to the pitch value of the grating, as shown
schematically in Figure S.4.14. Therefore, Λ =
√
3
2 dp. The condition holds for even fractions of the
pitch value as well. Therefore, a more general formula would be Λ =
√
3
2n dp, where n ∈ N+. We
have demonstrated this recurrence relationship for region 5 using 2 µm particles. For the second
recurrence of region 5 for 2 µm particles, pitch value of the gratings has to be . Figure 4.8 shows
SEM images for the two instances Λ = 1.41 and 0.707 µm, where two different pitch values support
the exact same lattice structure of the same angular orientation. Image A and image B both show
hexagonal lattice structures with their hexagonal diagonal parallel to the gratings direction.
Figure 4.8 (A) Hexagonal lattice structures of 2.0 µm particles at Λ = 1.41 µm. (B)
Recurrence of the same lattice structure with same orientation at Λ = 0.707
µm. Scale bar: 10 µm.
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As the pitch decreases further, the hexagonal lattice of region 5 is forced apart into a rhombic
lattice again. Region 6 occurs over the range
√
3
2 dp > Λ >
√
2
2 dp. As the pitch decreases further,
the acute angle of the rhombus increases from 60°and approaches 90°. In this size region, a range
of continuously evolving rhombic lattices are observed, which become more like a square lattice as
the pitch decreases. The diffraction characteristics in this region change continuously from that of
a hexagonal lattice to a perfect square lattice (Figure 4.7, region 6), with six distinct spots at the
corners of a stretched hexagon. White lines joining the neighboring spots form a rhombus with
acute angle γ between 60° and 90°.
Region 7 occurs when the pitch in region 6 decreases and becomes equal to
√
2
2 dp. The rhombic
lattice from region 6 is compressed to the point so that its acute angle becomes 90° forming a
square lattice again. The square lattice formed in this region (Figure 4.6, region 7) is different from
that of region 3 as it is rotated by 45° with respect to the grating grooves. The diffraction image
(Figure 4.7, region 7) shows nine bright spots, forming a perfect square lattice as indicated.
Region 8 is a continuation of region 6 and occurs in the periodicity range
√
3
2 dp > Λ >
1
2dp.
The decreasing pitch compresses the square lattice from region 6 in the direction perpendicular to
the grating. The acute angle of the rhombus decreases from 90° and approaches 60°. The major
diagonal of rhombic lattice in this region is parallel to gratings direction and 90° rotated compared
to rhombic lattice in region 6, as shown in Figure S.4.14. The diffraction image in this region also
changes continuously like in region 6 and changes from a perfect square to a perfect hexagonal
lattice via a rhombic lattice. The image shown in Figure 4.7 for region 8 shows six distinct spots
at the corners of a stretched hexagon. White lines joining the neighboring spots form a rhombus
with acute angle γ less than 90° and more than 60°.
In region 9, the rhombic lattice from region 8 changes its acute angle to 60°, giving rise to a
close-packed hexagonal lattice. This occurs at periodicity value Λ = 12dp. The diagonal of this
hexagonal lattice is at 30° with respect to the grating direction, as shown in Figure 4.6. It is 30°
rotated from the hexagonal lattice of region 5. The diffraction image shows six bright spots in
addition to the zero and first-order spots, which form the corner of a perfect hexagon. White lines
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joining neighboring spots were drawn to form a rhombus with acute angle γ = 60°, which is the
property of a hexagonal lattice. Further decreases in the grating pitch result in a loss of ordering
associated with the colloidal crystal layer, and the layer typically forms the natural, closest-packed
hexagonal structure with no preferred surface orientation.
4.4.4 Large Area Deposition of a Targeted Colloidal Crystal
These results can be used to grow large area crystal layers when using single-pitch gratings of
the appropriate periodicity. For example, a large area rhombic crystal lattice using 1.1 µm colloidal
particles was grown on a Λ = 1020 nm pitch grating, which falls in region 4 where (Figure S.4.15A).
Similarly, a square crystal lattice with 1.1 µm particles were grown on a Λ = 780 nm pitch grating,
which falls in region 7 since Λ ≈
√
2
2 dp (Figure S.4.15B).
4.4.5 Multilayer Colloidal Crystal Lattice Structures
In addition to hexagonal, square, and rhombic monolayer lattice structures, we have observed
unique lattice structures for multilayer deposition. These observations shed light into application of
gratings for fabrication of sophisticated, higher-dimensional crystal structures that are inaccessible
by normal fabrication routes. Figure 4.9A, for example, shows a single (left) and bilayer (right)
lattice structure of 1.1 µm particles formed on a region with Λ = 1.8 µm (region 2, Λ > dp).
For monolayer deposition in this region, single-file continuous chains of particles are obtained, as
observed at the left of Figure 4.9A. When presented with a second layer of particles, these chains
of particles serve as templates for deposition of new layer of particles. The resulting bilayer is a
large-area, rectangular lattice. When the spacing between particles chains increases (Λ = 3.0 and
3.5 µm), this structure forms a template for deposition of chains of particle pairs or particle triplets,
as shown on the right sides of Figure 4.9B,C. In these regions, the second layer is seen to fill in
the gaps between particles, resulting in complex bilayers with a combination of both rectangular
and close-packed lattices. Decreasing the pitch slightly to Λ = 1.6 µm results in a graphitic-type
bilayer lattice (Figure 4.9D). Notably, the formation of graphitic-type lattices typically requires
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polydisperse colloidal particles.[177] In this region of our chirped grating, the spacing between the
particle chains is not large enough for the particles to fit between the chains. Therefore, when the
next layer of particles self-assemble, the particles in the second layer are pushed apart to create
sites for the assembling particles. The process creates a graphite-like lattice using a unit cell with
six particles. It is important to note that the structures obtained for multilayer deposition are
dependent on the amplitude of the gratings. Our results are representative of the case where the
amplitude is significantly smaller than the pitch value.
Figure 4.9 (A) Unique rectangular lattice structure of 1.1 µm particles is observed at Λ
= 1.8 µm, (B) chains of particle pairs at Λ = 3.0 µm, (C) chains of particle
triplets at Λ = 3.5 µm, and (D) graphite-structured lattice at Λ = 1.6 µm.
Scale bars represent 10 µm.
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4.4.6 Optical Response of Metal-Coated Colloidal Crystals
Figure 4.10 Measured reflection spectra from a silver-coated, chirped colloidal crystal of
2.0 µm particles at various locations along the surface.
Colloidal crystals have been used as templates for metal films in applications that include
nanosphere lithography[179] and as substrates to excite surface plasmon resonance.[180] In these
applications, the fine details of the colloidal crystal structure have a significant impact on the
resulting optical properties of the coated metal film. We anticipate that the various structures
created with our chirped grating template will result in precisely varied optical responses when
combined with a thin, metal coating.
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Optical reflectance spectra were recorded for various regions of the grating surface (Figure 4.10).
Spectra were collected for a standard hexagonal lattice on a planar surface, plus at various regions
on the chirped grating that corresponded to the notable structures as described earlier. In each
case, a resonance is observed in the reflectance spectra. The source of resonance of such metal-
coated colloidal-crystal hybrid structures is complex and could be associated with propagating
surface plasmon on the corrugated but interconnected metal film,[181] localized surface plasmon
due to perforations (holes in the interstices) in the metal film,[182] or guided mode in the dielectric
colloidal crystal underlayer.[181] On the basis of the dominant characteristic of the structures being
exhibited, the resonance location could be approximated to that of a metallic Bragg gratings (eq
E.4.3) or metallic nanohole arrays (eq 4).
In Figure 4.10, the arrow labeled (i) depicts a shift in peak position as the measurement is
done on sample regions containing particle chains ranging from larger to smaller pitch values. The
colloidal chain regions produce plasmonic signatures similar to Bragg gratings. For comparison,
a graph of the reflection spectra from a chirped grating in the absence of colloidal particles at
different pitch value is given in Figure S.4.16 of Supporting Information. The resonance feature in
the reflection spectra can be estimated using eq E.4.3[183]:
λ =
Λ
m
[
± Re
√
n2airεm
n2air + εm
+
√
n2air sin θ
]
(E.4.3)
where the spectral resonance (wavelength, λ) is a function of the colloidal chain periodicity (Λ),
diffractive order (m), dielectric constant of silver (εm), refractive index of the adjacent dielectric
medium air (nair), and angle of impingement (θ). As the pitch value of the chain lattices decreases,
the resonance position shifts to lower wavelengths. The resonance also becomes broader, and a
secondary peak appears alongside the original peak marked with asterisks (*). We attribute this
secondary peak to the ordering of the particles along the chain direction (perpendicular to the
grating direction) as the particle chains approach each other. At the region when the particle
chains are close enough to touch each other and form square lattices, the resonance transforms to
one associated with the structure of the crystal lattice.
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In the region with various square, rhombic, and hexagonal lattices, the interstitial holes among
the colloidal particles give rise to perforations in the deposited silver film. The resultant corrugated
film with arrays of perforations shows plasmonic behavior similar to that of subwavelength metallic
hole arrays in thin planar films.[181] The arrow labeled (ii) in Figure 4.10 depicts shift in reflectance
peak position as the lattice structure changes. In this region, the spectra location (λ) of the first-
order resonance can be estimated by eq E.4.4[181, 184]:
λ =
2pi × dp
Gij
√
εdεm
εd + εm
(E.4.4)
where εd and εm are the dielectric constants of the dielectric and metal regions, dp is the periodicity
of the hole arrays, which is equivalent to colloidal particle diameter in this case, and Gij is the
reciprocal vector of the crystal lattice. , where i and j are unit vectors of the colloidal crystal
lattice, γ is the lattice angle, and dp is the particle diameter. For hexagonal (i = 1, j = 1) and
square lattices (i = 1, j = 0), lattice angles of γ = 60° and 90°, Gij simplifies to 2pi√3
2
D
√
3 and
2pi
D
√
1 , respectively. The position of reflection dip is only slightly dependent on the type of metal
employed as coating because ‖εm‖  ‖εd‖ and, therefore, the expression
√
εdεm
εd+εm
in eq E.4.4
reduces to
√
εd, which can be interpreted as the effective refractive index neff and approximated
by the formula neff =
√
n2colloidf + n
2
air(1− f).[182, 185] f is the packing factor, which is ∼ 74% for
a hexagonal lattice, ∼ 52% for a square lattice, and in between these values for a rhombic lattice.
For a continuous transition of crystal structures from square lattice to hexagonal lattice, we can use
eq E.4.4 to estimate the range of resonance locations. For a square lattice, the resonance location
is λ = 2pi×1.33
3.14×10−3 = 2660 nm. For a hexagonal lattice, λ =
2pi×1.44
6.28×10−3 = 1440 nm. Therefore, a
continuously changing lattice structure from square to rhombic to hexagonal would approximately
transition from ∼2660 to ∼1440 nm. In the measured spectra, the peak shifts from ∼2700 to ∼1800
nm. The difference in predicted versus measured values may rise from a number of different factors.
The accuracy of eq E.4.4 is high for nanoholes on a planar metallic film, but these films have a
higher level of corrugation due to underlying colloidal crystal. Also, as the crystal lattice changes
from hexagonal to rhombic to square, the shape of the nanoholes changes from square to diamond
to triangular, which can impact the optical response.[184, 186, 187]
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4.5 Conclusion
We have used a version of laser interference lithography with a curved mirror that allows the
fabrication of a chirped grating with pitch values ranging from > 10000 to ∼500 nm. The chirped
grating was used as a substrate to direct the formation of colloidal crystals grown using confined
convective self-assembly. The pitch value of the substrate is shown to influence the organization
of crystal lattice structures over a wide range of shapes and length scales. We extensively studied
the lattice structures and proposed general relationships between the particles, pitch values of the
grating, and the nature of the lattice structure of crystals formed. We also demonstrated that these
colloidal monolayers could serve as templates to create unique bilayer geometries. When coated
with a thin metal film, these structures led to precise plasmon resonances that were dictated by
the underlying colloidal structure.
4.6 Supporting Information
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Figure S.4.11 Substrate fabrication process. Glass slides were coated with photoresist and
then exposed using Lloyds Mirror interferometer. After developing resist,
grating structures were transferred to a PDMS master, which was then used
as a template to make several replicas in UV-curable polymer on glass. The
cured polymer was then plasma oxidized and used as a substrate for colloidal
deposition. In the schematic, the height of the grating has been exaggerated
when compared to the pitch to more clearly illustrate the chirped nature of
grating. The actual gratings have an amplitude of ∼200 nm while the pitch
varies from ∼500 nm to > 10,000 nm.
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Chirped Grating Fabrication:
LIL was used due to its simple design, easy configurability, precise pitch control, and ability to
produce large area patterns with high throughput. The traditional Lloyds mirror LIL uses a planar
mirror as a reflecting element to create a single valued interference pattern, which can be used
in photoresist processing to fabricate a single pitched grating. The Lloyds mirror LIL setup used
in our work (Figure 4.1) consisted of a laser source, a spatial filter, a mirror to reflect half of the
expanded beam, and a sample holder to mount a photoresist coated substrate. In this configuration,
the reflected beam interferes with the directly transmitted beam to create an interference pattern
on the substrate, which is recorded on a photoresist film. The pitch value (Λ) of the interference
pattern is given by eq. E.4.5:
Λ =
λ
sin θd + sin θr
(E.4.5)
where, λ is the wavelength of the laser beam, θd is the incident angle of the direct beam on the
substrate and θr is the incident angle of the reflected beam on the substrate (Figure 4.1, inset). In
standard Lloyds mirror configuration, the periodicity of the interference pattern is controlled by
rotating the sample mount or changing the angle of the mirror. Our design utilized a hemicylindrical
mirror reflector whose curvature serves to continually change the incident angle of the reflected beam
as a function of position along the sample (Figure S.4.13, Supporting Information). The resulting
interference pattern creates a periodicity that varies continuously along the sample surface. The
chirped grating produced with this procedure was characterized with optical diffraction as a function
of position along the surface (Figure S.4.12, Supporting Information).
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Figure S.4.12 (A) HeNe laser diffracted transmission imaging apparatus for characteriza-
tion of diffraction behavior of the gratings. The apparatus consists of a
grating holder, a translucent white screen and a camera for imaging. (B)
Optical diffraction images acquired from transmission of 632.8 nm light at
specific position along a period-chirped grating. The position is listed on
the side of each diffraction image. Scale bar: 1/cm.
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Figure S.4.13 Ray tracing diagram produced using OpticalRayTracer software illustrating
the effect of curvature of the mirror surface on the reflected beam. The angle
of the reflected mean falling on the substrate varies continuously creating a
chirped interference pattern.
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Figure S.4.14 Schematic explanation of how the crystal formation varies with respect to
the periodicities of the gratings. The pitch values and their respective lattice
geometry are stated above with a graphical representation.
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Figure S.4.15 (A) SEM image of large area rhombic lattice of 1.1. µm colloid particles
grown on ∼1020 nm single pitch grating. Inset shows Bertrand lens diffrac-
tion image. (B) SEM image of large area rhombic lattice of 1.1. µm colloid
particles grown on ∼780 nm single pitch grating. Inset shows Bertrand lens
diffraction image. SEM scale bar: 10 µm.
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Figure S.4.16 Measured reflection spectra on a chirped grating (without any colloidal crys-
tal on it) at different pitch values along the substrate surface.
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Figure S.4.17 A simplified schematic of a Nicolet iS50 FTIR microscope setup in the re-
flection mode with a 15× objective and 40 × 40 µm2 aperture. The movable
stage holds sample and can be moved precisely to study and characterize a
desired sample location.
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CHAPTER 5. CHIRPED-PITCHED GRATINGS FABRICATED BY
MODIFIED LASER INTERFERENCE LITHOGRAPHY AS PLATFORM
FOR TUNABLE SURFACE PLASMON RESONANCE
Russell Mahmood; Andrew C. Hillier
Manuscript prepared for submission to ACS Anlytical Chemistry
“The truth is, the science of Nature has been already too long made only a work of
the brain and the fancy: It is now high time that it should return to the plainness and
soundness of observations on material and obvious things.”
–Robert Hooke
5.1 Abstract
Metallic grating structures forms an excellent platform to excite surface plasmon resonance
(SPR). SPR is important in the field of subwavelength light manipulation, spectroscopy and sensing
etc. However, the tunability of SPR on a metallic grating platform is limited by the pitch value
of the grating and the incident angle of light on the grating for a given ambient condition. In
this work we modified laser interference lithography (LIL) technique to fabricate chirped pitch
grating structure. We employed non-planar reflecting element in LIL to control the chirp of the
gratings. The chirp grating enables tuning the SPR over wide spectral range by simple translational
movement of the substrate. We also demonstrated that the bandwidth of the SPR is dependent on
the chirp of the grating. Using the modified LIL technique, it was possible to fabricate high chirp
grating which in turn produced broadband SPR. Using narrowband SPR mode we enhanced -CH
vibration mode in a thin polystyrene film by a factor of ∼45 fold and -CO vibrational mode in a
poly(methyl methacrylate) (PMMA) film by a factor of ∼2 fold. We also demonstrate that the
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full-width at half-maximum of a broadband SPR mode can be tuned by controlling the aperture
size of the incident beam.
5.2 Introduction
Periodic metallic nanostructures (gratings) form an excellent platform for exciting surface plas-
mon resonance (SPR). The dispersive effect of the gratings imparts additional momentum to the
incoming light enabling it to couple with the metal electrons giving rise to the SPR phenomena.[188]
The conditions required for SPR excitation are precise and sensitive to local environment and sev-
eral other parameters. This property of SPR has been utilized in various sensing techniques e.g.
refractive index sensing [83], molecular sensing [189], bio-sensing [190–192], gas sensors [193], pH
sensors [194]. SPR also leads to significant enhancement of local electric field by concentrating the
coupled light into subwavelength region. This enhanced electric field effect and coupling ability
with light have found applications in myriad techniques and devices e.g. surface enhanced spec-
troscopies [29, 30, 48, 195], light emitting diodes (LEDs) [196], solar cells [197], optical elements
[198–200] etc.
The drawback with metallic gratings is that for a given pitch value only one SPR mode is excited
at a discrete spectral position giving rise to a narrowband peak. Parameters such as incident angle
of the light and the refractive index of the dielectric. However, the bandwidth of the SPR peak
can only be increased by exciting a continuous range of SPR modes [83] or multiple closely spaced
SPR modes [30, 201]. While narrow band SPR peaks are desired in application like narrowband
optical filter, perfect absorber or perfect reflector, other applications require broadband SPR peaks.
Example applications include broadband absorption of sunlight in plasmon enhanced solar cells
[202], simultaneous enhancement of multiple functional group in surface enhanced spectroscopies
[30], broadband optical filters [203] etc.
The only way to excite broadband SPR mode on a plasmonic substrates is by integrating
multiple pitch values within the incident beam area. This could be done either by superimposing
different closely matched pitch values [30, 201, 204] or by introducing chirp in the pitch [83, 93]. All
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these methods excite spectrally-close SPR modes making the SPR peak appear broader. Petefish
et. al. [30] and Khan et. al. [201] used interference lithographic technique to superimpose up
to three different pitch values creating three different closely-spaced plasmon modes giving rise to
a single broad peak, which was applied in surface enhanced infrared absorption spectroscopy and
broadband absorption in photovoltaic cells respectively. Yeh et. al [83] used buckling of oxidized
elastomer polymer to fabricate chirped pitch grating and applied it as a platform to excite SPR. Lu
et al. [19] fabricated linear chirped pitch grating by stretching a elastomer polymer substrate with
single pitch grating and applied it as a spatially optical filter. The limitations of these methods are:
1) they cannot be used to create wide bandwidth SPR peaks because e.g. the multipitch grating
is limited to the certain number of pitch values that could be integrated on a sample and largely
different pitch values would produce individual plasmon peaks instead of continuous broadband
peak. 2) In case of chirped pitch grating, the bandwidth of the plasmon peak is limited by the
chirp of the gratings. In the two aforementioned methods of creating chirp pitch grating, the
chirp is limited by the mechanical property of the elastomer polymer substrate and suffers from
physical deformation of grating grove structure for excessive strain applied. While the interference
lithography technique of superimposing multi pitch is repeatable, the technique to use mechanical
strain to fabricate chirped-pitch grating lacks repeatability.
We have addressed these limitations in this work by proposing a modified laser interference
lithography (LIL) technique to fabricate chirp-pitched grating with controllable chirp. Unlike tra-
ditional laser interference lithography technique using a planar mirror to fabricate single pitch
grating, we utilized non-planar mirror of various radius of curvature (R) to create chirped-pitch
grating of various curvature. The technique was inspired by a previous work from our lab.[48] We
were able to fabricate high degree chirped pitch grating with pitch values varying from 10000 nm
to 700 nm over a small distance of only 250 µm. We demonstrate the utility of these gratings
in generation of broadband SPR peaks. The bandwidth of such SPR modes can be controlled by
varying aperture size and tuned by translational movement of the substrate. The broadband SPR
were utilized in enhancing infrared absorption spectroscopy of -CH and -C=O stretching mode of
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a Poly(methyl methacrylate) (PMMA) thin film. We also demonstrated that enhancement factor
of SEIRA increases as the bandwidth of the SPR decreases and intensity increases.
5.3 Experimental Section
5.3.1 Materials and Reagents
Microscopic glass slides were purchased from Fisher Scientific (Hampton, NH). Microposit S1813
photoresist and Microposit MF-321 developer were acquired from Rohm and Haas Electronic Mate-
rials LLC (Philadephia, PA). Silver pellets (99.99 %) and tungsten wire baskets for evaporation were
obtained from Ted Pella (Redding, CA). The titanium sputtering target (99.99%) was purchased
from AJA International (Scituate, MA). The polydimethylsiloxane silicone (PDMS) elastomer kit
(SYLGARD 184, Dow Corning, Midland, MI) was used as received. Poly(methyl methacrylate)
(PMMA, 120,000 MW) was purchased from Aldrich (St. Louis, MO). Deionized water with an elec-
trical resistivity surpassing 18 MΩ·cm (NANOPure, Dubuque, IA) was used in sample preparation.
Cleaning of Glass Substrate. Glass substrates were first cleaned by scrubbing with a 2% Decon
NEUTRAD solution followed by sequential rinsing with deionized (DI) water and ethanol, followed
by blowing dry with nitrogen gas. Substrate Preparation for LIL exposure. The fabrication pro-
cess flow is summarized in Figure S.5.13 into three distinct steps: substrate preparation, exposure
of substrate to interference pattern and post-exposure. In pre-exposure step, the photoresist was
applied onto the glass substrates using spin coating. Several drops of S1813 photoresist were placed
on a clean glass slide and allowed to spread. The photoresist was then spun at 4000 rpm for 60 s
using a commercial spin coater (model WS650MZ-23NPP, Laurell Technology Corp., North Wales,
PA). The resist-coated substrate was soft-baked on a hot plate at 90 °C for 1 min to evaporate
excess solvent from the resist solution.
5.3.2 Exposure of substrate to LIL interference pattern
The resist-coated substrate was exposed with a home-built LIL system schematic shown in
Figure S.5.13. It consists of a 40 mW, 405 nm diode laser (Oxxius, Lannion, France) as the coherent
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light source. The beam from the laser was passed through a quarter wave-plate to make it circularly
polarized and then through a half wave plate to make it linearly polarized. The polarized light was
filtered and expanded using a 25 µm spatial filter (Thorlabs, Newton, New Jersey). The beam falls
on the reflecting element (mirror) and the photoresist-coated substrate, which are arranged at 90°
to each other. The reflecting element is convex cylindrical mirror and could be of different radius of
curvature. Typical exposure times for the photoresist were ∼50 s, which translates to a dose of ∼ 20
mW s cm−2 at a power level of 40 mW and an exposure area of ∼5 cm2. The whole LIL apparatus
was setup on an optical table (Thorlabs, Newton, NJ) to minimize mechanical vibrations.
5.3.3 Pattern replication on PDMS
The exposed resist was hard-baked on a hot plate at 100 °C for 3 min to harden the exposed
pattern. The exposed pattern was developed in developer Microposit 352 obtained from Rohm and
Haas Electronic Materials LLC (Philadephia, PA) by submerging the substrate for ∼1 minute. The
developed substrate is then clean in DI water and dried in flowing nitrogen gas. The sinusoidal
topology of the LIL fabricated patterns was then transferred to a ∼1 cm thick PDMS stamp using
a silicone elastomer kit (Sylgard 184, Dow Corning). Briefly, a 10:1 ratio of the elastomer and
curing agent were mixed vigorously for ∼25 min and placed under vacuum at 20 in Hg for 30
min to remove air bubbles produced during mixing. The PDMS mixture was then poured on top
of the grating, heated and cured at 80°C overnight in a VWR Sheldon Lab 1400E vacuum oven
for a minimum of 3 hours. Once the mixture solidified, it was peeled off, transferring the grating
topology to a PDMS stamp.
5.3.4 Pattern transfer to NOA 61 and silver thin-film deposition
The pattern from the PDMS stamp was transferred to an UV-curable epoxy polymer (NOA 61,
Norland Products, Inc., Cranbury, NJ) by sandwiching a drop of the liquid polymer between the
PDMS surface and a clean glass slide and exposing them to UV light for 20 minutes. The gratings
on the glass slides released cleanly from the PDMS, which allowed the same nanostructure to be
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reproduced several times without noticeable degradation of the structure. Silver films of ∼100
nm were vapor deposited (Denton Benchtop Turbo III, Denton Vacuum, LLC, Moorestown, NJ)
on clean glass slides to be used as substrates for the microcontact printing technique. The silver
was deposited at a rate of 0.8-1 A˚/s. Silver film thickness was monitored using a quartz crystal
(INFICON, East Syracuse, NY).
5.3.5 Physical and optical characterization of the gratings
Images of the gratings were Micrographs normal to the nanohole patterned surface were col-
lected using a Jeol JSM 6010 scanning electron microscope. Images were collected at low vacuum
environment using a back-scatter electron detector (BEIW).
Infrared reflection absorption spectroscopy (IRRAS) of the sample were done using a Fourier
transform infrared (FTIR) microscope (Nicolet Continuum Infrared Microscope with Nicolet iS50
FTIR, Thermo Fisher) with a 15× objective, variable aperture size (100 µm2 to 22500 µm2), and
liquid nitrogen-cooled mercury cadmium telluride. The aperture is rectangular in shape and the
length of either sides can be varied between 10 µm to 150 µm. Light polarization was controlled
using a ZnSe polarizer. The spectra of a smooth silver thin film on glass was used as a reference
spectrum for all measured spectra.
5.4 Results and Discussion
5.4.1 Fabrication of chirped-pitch grating with controllable chirp
Fabrication of chirped surface relief gratings possessing a wide range of pitch values was achieved
using laser interference lithography (LIL).[48] The traditional LIL system uses a plane mirror to
fabricate single-pitch gratings [29], which we modified by replacing the plane mirror with a non-
planar convex mirror. In traditional LIL, the half of incident beam is reflected by the plane mirror
on to the other half of the incident beam. The reflected beam and the direct beam interfere to
create interference pattern of constant pitch value. Figure 5.1A show a ray tracing diagram to
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illustrate a plane mirror reflect light at constant angle. The pitch value can be determined using
the following equation:
Λ =
λ
sin θr + sin θi
(E.5.1)
where, Λ is the pitch value of the interference pattern, θr is the angle of reflection and θi is the
angle of incidence. Plane mirror reflects the bean at constant angle of reflection θr. In the modified
LIL technique, we utilized in this work, the plane mirror was replaced with convex mirror. The
curvature of the convex mirror surface reflects the incident light at varying angle of reflection θr.
Figure 5.1B and Figure 5.1C depict two cases of convex mirrors with different degree of curvature.
Figure 5.1B represents a mirror with larger radius of curvature (R1) and therefore less curvature
and illustrates how it reflects the incident beam over a varying angle of reflection. Figure 5.1C
represents another convex mirror with smaller radius of curvature (R2) and illustrate that it also
reflects the incident beam but with with greater variation in the angle of reflection. Therefore, the
smaller the radius of curvature (R), the greater is the variation in reflected angle (θr). We tried
to build a relationship between the radius of curvature of convex mirror to the degree of variation
in reflected angle. Figure 5.2 shows relationship between the radius of curvature (R) of a convex
mirror and the variation in angle of reflectance (θr) as experienced by a substrate of 5 mm length
placed at the centerline of the convex mirror. The beam was assumed to have incident with θi =
0°. The graph shows that the variation in angle of reflection has an exponential-like relationship
with the radius of curvature.
The variation in reflected angle (θr) is important s it determines the pitch variation of the
interference pattern formed on the substrate. According to Equation E.5.1, the independent variable
θr varies which determines the variation in the dependent variable Λ. A greater variation in the
reflected angle would lead to a greater variation in the pitch profile (high chirp) of the interference
pattern, which would translate to gratings with higher chirp. In this work we employed four different
mirrors with R of 49.05 mm, 12.97 mm, 3.97 mm, 1.59 mm. The chirped gratings fabricated with
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Figure 5.1 Optical ray tracing diagram for mirrors with three different radii of curvature.
A. Plane mirror with infinitely large radius of curvature reflects light at con-
stant reflection angle. B. Convex mirror with larger radius of curvature (R1)
creating a variation in angle of reflection. C. Convex mirror with smaller ra-
dius of curvature (R2) compared to R1 creating a greater variation in angle of
reflection.
each type of mirror have different chirp. Profilometer height scan data along 300 µm length of the
fabricated gratings is shown in Figure 5.3.
Figure 5.3 shows that the degree of chirp of the gratings increases with decreasing R of convex
mirror used to fabricate them. It is important to note the variation in amplitude of the fabricated
gratings. The resultant amplitude of a grating is dependent on factors like: the reflection efficiency
of the reflecting elements, exposure time during LIL step and development time of the grating
during development stage. All the parameters were kept constant except the type of materials
used for reflecting element. For the lower R convex mirrors ( R= 3.97 mm and 1.59 mm) stainless
steel was used as the material, which has lower reflectance at 405 nm [205] compared to silver.
Reflecting elements with lower reflectance reduces the contrast of the interference pattern leading
to a decrease in amplitude in the grating for the same exposure time.
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Figure 5.2 Graph showing the range of angles an incident beam is reflected into upon
falling on a convex mirror of radius of curvature R. The beam is incident nor-
mally with respect to the substrate.
We selected gratings fabricated with the largest and smallest R (49.05 mm and 1.59 mm) and
plotted the pitch profile for the entire length of the gratings. The complete pitch profiles of these
gratings are shown in Figure 5.4. For the grating fabricated with R = 49.05 mm convex mirror,
the periodicity decreases from a value of sin10 µm to sin 1 µm over a distance of sin25 mm. For the
grating fabricated with R = 1.59 mm convex mirror, we see a similar trend, but the change takes
place only over a length of sin1 mm. A magnified version of the pitch profile of the highly chirped
grating is shown in the inset. Two other insets labelled (i) and (ii) shows macroscopic images of
the two gratings. Gratings made with larger R spans over larger distance compared to gratings
fabricated with smaller R.
The gratings fabricated were further characterized using scanning electron microscopy. Figure
5.5A shows SEM images of the grating fabricated using convex mirror with R = 1.59 mm. The
image shows varying pitch value of the gratings within the distance of 150 µm. Several diffraction
images were taken with varying aperture sizes as shown in Figure 5.5A, Figure 5.5B and Figure
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Figure 5.3 Profilometer scan data for chirped grating fabricated using four different convex
mirror with different radius of curvatures.
5.5C. The aperture dimension perpendicular to the groove direction were increased from 60 µm
to 150 µm to 300 µm. Increasing the aperture size accommodates larger region of the grating
and therefore a wider range of pitch values diffracts light. As the aperture size was increased, the
first order diffraction spot became broader. For aperture size 300 µm, a wide range of pitch value
diffracts the light and the first order become a continuous straight line of diffracted light. Figure
S.5.14 shows SEM images taken at several spots along the grating fabricated using the convex
mirror with R = 49.05 mm. It also shows the corresponding diffraction images. As this pitch value
decreases along the length of the grating the diffraction effect becomes more pronounced and the
separation between the first order and zero order increases.
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Figure 5.4 Pitch value profile of two chirped-pitch gratings fabricated with conve mirror
of radii of curvature of 49.05 mm (i) and 1.59 mm (ii).
5.4.2 SPR on chirped pitch metallic grating
5.4.2.1 Tuning Spectral location of SPR using translational movement of substrate
Optical excitation of SPR at metal-dielectric interface requires matching of the momentum of
the incident light with that of the surface plasmons. Surface plasmons have a complex wavevector
(ksp) described by the dispersion relationship [206]:
ksp =
2pi
λ
√
n2Dεm
n2D + εm
(E.5.2)
where λ is the wavelength of excitation, εm = εmr + iεmi is the dielectric constant of metal (silver)
composed of real εmr and imaginary εmi components, and nD is refractive index of the adjacent
dielectric medium (air). The in-plane component of the wavevector of the incident light after being
diffracted by the grating is given by the following equation [206]:
k|| =
2pi
λ
nλ sin θi ±mg (E.5.3)
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Figure 5.5 A. SEM image of a chirped-pitch gratings with high chirp. B. Diffraction image
of the gratings with an aperture size of 60 µm × 60 µm. C. Diffraction image
of the gratings with an aperture size of 150 µm × 150 µm. D. Diffraction image
of the gratings with an aperture size of 300 µm × 300 µm. Scale bar: 10 µm−1.
where λ is the wavelength of the incident light, nD is the refractive index of the dielectric medium
(air) of light propagation, θi is the angle of incidence, g = 2/Λ is the reciprocal vector of a grating
with pitch value Λ, and diffractive order m = (1, 2, 3...). Excitation of SPR occurs when ksp equals
k||. Equation E.5.2 and Equation E.5.3 can be equated and simplified into Equation E.5.4:
λ =
Λ
m
(
±
√
n2Dεm
n2D + εm
+ nD sin θi
)
(E.5.4)
which relates the wavelength of SPR excitation to the refractive index of the adjacent medium,
dielectric constant of the metal, pitch value of the grating, and the angle of incidence of the
incident light.
The chirped-pitch grating fabricated provides a variation in pitch value along the grating, which
makes it an excellent platform to tune the spectral position of the SPR by simple translational
movement. The wide range of pitch value of the grating enables control of the SPR over a wide
spectral range. Figure 5.6 depicts a series of spectra from Infrared absorption spectroscopy (IRRAS)
taken at different location of low chirp-grating (grating (i) in Figure 5.4). The reflectance data is
given as a percentage of reflected p-polarized with respect to s-polarized light. All measurements
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were performed at normal incidence θi = 0°. The reflectance peak shifts markedly with respect to
locations along the grating. Over a distance of only 6 mm the peak shifted by sin4 µm in wavelength.
At location of 1 mm on the grating, the pitch value is 5400 nm. Plugging the value to Equation
E.5.4, the estimated peak position is found to be 5400 nm, which matches the peak position for
location 1 mm. Equation E.5.4 was simplified to λ ≈ Λ by assuming that εm  nD,nD = 1.0,
sin θi = 0 and m = 1. Similar to location 1 mm, for all other locations, the peak value approximately
matches the pitch value. In a typical surface plasmon resonance-based sensor system, a sample is
usually probed at a single orientation, sample geometry, and wavelength. In contrast, the chirped
grating would allow design of very information rich measurements with possibility of acquiring
numerous signals of sample perturbation in a single experiment.
Figure 5.6 Tunability of SPR generated on low-chirp grating.
The reflectance spectra for the high-chirp grating sample is shown in Figure 5.7. The spectra
were measured at 50 µm location interval. Over a distance of only 400 µm, the spectral position of
the peak shifted by 6 µm. Similar to low-chirp grating the peak position closely matched the pitch
value according to Equation E.5.4. The noticeable different between the SPRs generated by the
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Figure 5.7 Tunability of SPR generated on high-chirp grating.
low-chirp and high-chirp gratings manifests in the form of their bandwidth. As high-chirp grating
accommodates wider range of pitch values over the given width of the aperture, the SPR generated
span wider spectral region. For both the high-chirp and low-chirp grating, the SPR peak tended to
become more narrowband-like as the pitch value decreased. This is due to the exponential nature
of the pitch profile for both the grating types. For lower pitch values the degree of chirp decreases
leading to generation of SPR modes which are closer spectrally.
5.4.2.2 Tuning bandwidth of SPR using aperture size
The variation in grating pitch value along chirped pitch grating can be utilized to control
bandwidth of a SPR peak. Bandwidth of SPR peak is often used as a performance metrics when
SPR is used for sensing applications with smaller bandwidth being preferable. However, for other
applications e.g. SPR-assisted broadband absorption it is preferable for the SPR to be broadband as
it provides coupling with light over a wider range of wavelength. Broadband SPR also diminish noise
by limiting extreme sensitivity of narrowband SPR to variations in angle of incidence or substrate
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orientation. We demonstrate here that the aperture size becomes a facile tuning parameter to
control the bandwidth of the SPR peak. The aperture size controls the width of the incident beam
on the grating, which in turns determines the range of pitch values exposed to incoming light and
therefore the range of SPR modes generated. The range of SPR modes control the bandwidth of
the SPR peak according to Equation E.5.5 derived from:
λj =
Λj
m
(
±
√
n2Dεm
n2D + εm
+ nD sin θi
)
, j ∈ [x, y] (E.5.5)
where j is a range of values between x and y and the range is determined by the aperture size. Figure
5.8 shows a series of reflection spectra taken at a fixed location (location 200 µm of grating (ii)
characterized in Figure 5.4) by varying aperture size. The aperture size varied along the direction
perpendicular to the grating groove direction as shown in the inset. As the size of the aperture is
decreased from 100 µm to 10 µm, the FWHM of the peak decreased from 1.2 µm to 0.4 µm labelled
by the double-sided arrows (i) and (ii) respectively. It is important to note that with decreasing
bandwidth the amplitude of the peak increases. This is because the incident unit light energy is
spread of fewer SPR modes leading to increasing absorption per SPR modes and therefore increased
amplitude of absorption peak.
5.4.3 Enhancement of CH mode using SPR
Infrared measurements were then taken of grating samples coated with 200 nm of PMMA thin
film as shown in Figure 5.9. The data reflects measurements at several different location on the
grating at different pitch values with p-polarized light (the polarization direction is perpendicular to
the grating groove direction) and at normal angle of incidence. For all experimental configurations
in this work, the reference blank was s-polarized light (the polarization direction is parallel to
the grating groove direction) at the same angle of incidence. The raw spectra without baseline
correction are provided in the supplementary information in Figure S.5.15. The baselines of the
raw spectra were corrected by subtracting a curve from each of the spectrum. An illustration of
the method is shown in the supplementary information in Figure S.5.18. The first spectrum in
Figure 5.9 is of 200 nm of PMMA thin film on a silver mirror. It serves as reference spectrum for
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Figure 5.8 Bandwidth tunability of SPR generated using grating with high chirp.
unenhanced -CH modes. Signal associated with the asymmetric and symmetric vibrational modes
of -CH are observed at 3300 nm and 3400 nm respectively. The magnitude of these peaks is small
and hardly recognizable due to small cross-sectional thickness of the PMMA thin film. In Figure
5.9, the rest of the spectra were taken at different locations with the SPR location listed in the
graphs legend. The SPR peak position was tuned by translational movement of the substrate. As
the peak approached closer to the -CH vibrational modes, the SPR coupled with the mode and
enhanced the intensity of the -CH modes. The largest enhancement was observed when SPR peak
was closes to the -CH modes at 3000 nm and 2600 nm. This can be explained using the following
relation [207]:
AbsorptionIntensity ∝ (E · µi)2 (E.5.6)
Equation E.5.6 stipulates that for molecule with fixed spatial orientation the absorption intensity
of a bond is proportional to the squared of the scalar product of the electric field E and the bonds
dipole moment µi along the direction of E. When incident light couples with metallic grating
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Figure 5.9 Tuning SPR peak spatially to enhance CH vibrational mode.
and excites SPR, it leads to an enhancement of the local electric field E leading to an enhanced
absorption by -CH vibrational modes. And for the resonance to occur between the vibrational
mode and the local electric field, the frequency of the SPR must be equal to the frequency of the
vibrational modes. This explains the highest enhancement observed when the SPR spectral position
closely matches the -CH vibrational modes. The enhancement factors of -CH modes were plotted
for different pitch values of the grating in Figure 5.10. The enhancement factor has been defined as
the ratio of the intensity of the enhanced -CH mode to the unenhanced -CH mode. Enhancement
of the C-H stretching vibrations was significant and reached a magnitude of ∼45-fold enhancement
and ∼25-fold enhancement for asymmetric and symmetric vibrational mode respectively when the
grating pitch was 2600 nm. As the SPR position shifted away from the -CH mode in either direction,
the enhancement factor subsided in magnitude.
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Figure 5.10 Enhancement factors of -CH at different pitch values.
5.4.4 Enhancement of CO mode
Analogous to enhancement of -CH mode, we utilized the bandwidth tunability of SPR mode
to control the enhancement factor of C=O mode and demonstrate that high intensity of SPR
peak aid enhancement of infrared absorption spectroscopy. Initially we selected a location of the
high chirp grating so that the peak position overlaps with the -C=O vibrational mode at 5882
nm. We started with a large aperture of dimension 100 µm perpendicular to the grating groove
direction. The enhancement associated with the broadband SPR was considered ×1 as labelled on
the spectrum. The aperture size was decreased step-wise from 100 µm to 10 µm. With decreasing
width of the aperture, the incident light was excited narrower range of SPR modes leading to
increased intensity and decreased bandwidth of the of the SPR. According to Equation E.5.6, the
increased magnitude of the local electric field increased coupling efficiency of the SPR with the C=O
vibrational mode and therefore increasing the absorption efficiency of the bond. The enhancement
of the vibration mode increased by approximately two-fold. Figure 5.12 shows enhancement factor
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Figure 5.11 Tuning enhancement of -CO bond by varying aperture size.
of the C=O bond for different aperture sizes. The enhancement factor roughly decreases linearly
with an increase in aperture size.
5.5 Conclusion
Surface enhanced infrared absorption (SEIRA) is a useful crucial for increasing sensitivity and
lowering limits of detection of IR absorption spectroscopy. Most of the previous applications of
SEIRA utilized nanoparticle-based localized surface plasmon resonance to provide increased elec-
tromagnetic fields. In this work, we demonstrated a novel chirped grating based SEIRA, which
has the benefits of being robust, simple, and tunable via simple mechanical translation. Spatial
adjustment of the grating allowed the location of the plasmon resonance to coincide with that of
the vibrational modes, producing absorption increases of approximately 45 times. The chirp na-
ture of the gratings also enables controlling bandwidth of the SPR peak by simple adjustment of
the aperture size of the light source. This feature may prove useful in other application requiring
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Figure 5.12 Enhancement factors of -CO at different aperture size.
broadband SPR peaks. We demonstrated a simple application of controlling the bandwidth of the
SPR to control enhancement factor of C=O vibrational mode.
5.6 Supporting Information
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Figure S.5.13 Process flow fabrication of plasmonic grating structures.
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Figure S.5.14 (A) Diffraction image of period chirped grating at different positions on the
nanostructures. (B) SEM images of grating nanostructures showing different
pitch values.
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Figure S.5.15 Raw Spectra of SPR at different pitch values for -CH mode enhancement.
Figure S.5.16 Raw spectra of tuning SPR peak by changing location of a high chirp grating.
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Figure S.5.17 Raw spectra for variation in bandwidth of SPR peak wih changing aperture
size.
Figure S.5.18 Method used in this work to correct baseline of the spectra. A baseline
curve is fitted to spectra to isolate the signature peaks of the sample..
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CHAPTER 6. SURFACE ENHANCED INFRARED ABSORPTION
SPECTROSCOPY VIA 2D CHIRPED-PITCH NANOHOLE ARRAYS
Russell Mahmood; Alma Margarita Vela Ramirez; Andrew C. Hillier
Manuscript prepared for submission to ACS Anlytical Chemistry
“No new fundamental particles, no new cosmology - but surprises, adventure, the quest
to understand - yes, [plasmonics] has all of those, and more.”
–Bill Barnes
6.1 Abstract
Surface enhanced infrared absorption (SEIRA) has widely been employed as a powerful sensing
tool in recent decades, exploiting the utility of the plasmonic properties of fabricated nanostructures.
In general, SPR substrates have been used over LSPR substrates due to their higher simplicity
and tunability. In this study, we produce a simple and highly tunable two-dimensional silver
nanohole array with varying pitch values, using a combination of a modified laser interference
lithography and microcontact printing techniques. The quality of the substrate, and its optical
and diffraction characteristics are explored through optical transmission microscopy and scanning
electron microscopy (SEM). It is found that the ordered arrays produce strong localized surface
plasmon resonance (LSPR) peaks in a broadband spectral range of 1000 to 10000 nm. The position
of the peaks is primarily dependent on the dielectric constant of the local environment and the pitch
values in each region, which is consistent with estimates from surface plasmon resonance equations
(Theory). To test the utility of the arrays for SEIRA applications, the LSPR peaks are coupled with
the infrared bands of a PMMA layer, corresponding to the hydrocarbon (C-H) and carboxy (C=O)
vibrational modes of the molecule, by mechanical translation of the substrate. Further tunability is
shown by selecting a particular nanohole region and enhancing the same infrared vibrational modes
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in PMMA only by changing the polarization state of incident light by 90 degrees. The results of
this report show the possibility of enhancing multiple vibrational modes of different molecules just
with one substrate.
6.2 Introduction
Infrared (IR) absorption-reflection spectroscopy of molecular vibrational excitations is a stan-
dard technique for detection and characterization of chemicals. It is a convenient technique as it
offers fast, high accuracy and non-destructive analysis of chemicals. However, for small amount of
sample, the technique is compromised by the small vibrational absorption cross-section available.
The limitation is particularly significant if the absorption cross-section is much smaller than the
wavelength-squared of the IR.[208] This limitation can be alleviated by subjecting the molecules to
strong local electric field generated by surface plasmon resonance (SPR) phenomena on a metallic
substrate.[209]
SPR is a charge density oscillation that exists at a metal-dielectric interface due to resonance
coupling of an electromagnetic wave with metal electrons.[210] The coupling phenomena concen-
trates the electromagnetic wave within a small locality leading to enhancement of local electric field.
In 1980, Hartstein et. al. [211] demonstrated that IR absorption of molecules can be enhanced by
a factor of approximately a thousand order of magnitude using enhanced electric field arising from
localized surface plasmon resonance (LSPR) generated on silver or gold nanoisland films. LSPR is
the non-propagating version of SPR and results due to discontinuity of the metal films.[206] Since
its inception, SEIRA elicited strong interest from researchers fueled by technological progress re-
lated to greater understanding of plasmonic properties and precise fabrication capability of targeted
nanostructures. The diversity of applications include label-free optical biosensing [212–214], chemi-
cal sensing [215, 216], quantum information processing [217], microscopic optical components [218],
surface enhanced spectroscopic techniques [29, 30, 219, 220], plasmonic photovoltaics [221–223],
plasmonic catalysis [224] etc.
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Several LSPR-based substrates have been explored as SEIRA substrates [180, 211, 225, 226],
including various configuration of metal nanoparticles [227], split ring resonators [228], nanoshells
[229], nanoantennae [230, 231], bowties [232]. More recently, instead of LSPR, SPR based gratings
have been used as SEIRA substrates owing to the fabrication simplicity and inherent tunability of
such substrates [29, 30, 233]. However, in general, the SPR based gratings demonstrated inferior
enhancement compared to that of LSPR based nanoantenna owing to the presence of small gaps
between the nanoantenna structures [209]. Nanohole based substrates offer to combine the best
of both SPR and LSPR based substrates. Nanoholes have been shown to generate both SPR and
LSPR upon coupling with an incident wave [234] and are tunable. However, only a handful of work
explored their application as SEIRA substrates e.g. square holes [235], circular hole [236] and slits
[237].
In this paper, we introduce a novel technique to fabricate chirped-pitch two dimensional nanohole
arrays using a combination of modified laser interference lithography, microcontact printing and
etching processes. The technique is able to fabricate a large, high-quality nanohole array region. We
demonstrate the spatial tunability of the substrate to target a broadband spectral range for SEIRA
spectroscopy. We also demonstrate the polarization dependent tunability of a specific region, which
could alternately target multiple frequencies by just changing the polarization state of the incident
light. The utility of the fabricated substrates is showcased by enhancing the hydrocarbon (C-H)
and carboxy (C=O) vibrational modes of a poly (methyl methacrylate) (PMMA) molecule.
6.3 Experimental Section
6.3.1 Materials and Reagents
Microscopic glass slides were purchased from Fisher Scientific (Hampton, NH). Microposit S1813
photoresist and Microposit MF-321 developer were acquired from Rohm and Haas Electronic Mate-
rials LLC (Philadephia, PA). Silver pellets (99.99 %) and tungsten wire baskets for evaporation were
obtained from Ted Pella (Redding, CA). The titanium sputtering target (99.99%) was purchased
from AJA International (Scituate, MA). The polydimethylsiloxane silicone (PDMS) elastomer kit
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(SYLGARD 184, Dow Corning, Midland, MI) was used as received. Potassium thiosulfate (95%),
potassium ferricyanide (99%), potassium ferrocyanide (99%) and 1-hexadecanethiol (97%) used for
etching and microcontact printing were obtained from Sigma Aldrich (St. Louis, MO). Deionized
water with an electrical resistivity surpassing 18 MΩ·cm (NANOPure, Dubuque, IA) was used in
sample preparation.
6.3.2 Grating Fabrication
Glass substrates were first cleaned by scrubbing with a 2% Decon NEUTRAD solution followed
by sequential rinsing with deionized (DI) water, acetone, and ethanol, followed by blowing dry with
nitrogen gas. The fabrication process flow is summarized in Figure S.6.9 into three distinct steps:
pre-exposure, exposure and post-exposure. In pre-exposure step, the photoresist was applied onto
the glass substrates using spin coating. Several drops of S1813 photoresist were placed on a clean
glass slide and allowed to spread. The photoresist was then spun at 4000 rpm for 60 s using a
commercial spin coater (model WS650MZ-23NPP, Laurell Technology Corp., North Wales, PA).
The resist-coated substrate was soft-baked on a hot plate at 90 °C for 1 min to evaporate excess
solvent from the resist solution. The resist-coated substrate was exposed with a home-built LIL
system as shown in the schematic S 2 and original experimental setup in S 3 of the supplementary
information. It consists of a 40 mW, 405 nm diode laser (Oxxius, Lannion, France) as the coherent
light source. The beam from the laser was passed through a quarter wave-plate to make it circularly
polarized and then through a half wave plate to make it linearly polarized. The polarized light was
filtered and expanded using a 25 µm spatial filter (Thorlabs, Newton, New Jersey). The beam falls
on the reflecting element and substrate which are arranged at 90° to each other. The reflecting
element is convex cylindrical mirror of radius of curvature 49.05 mm. Typical exposure times for
the photoresist were ∼50 s, which translates to a dose of ∼0.89 mW s cm−2 at a power level of
0.1 mW and an exposure area of ∼5 cm2. The whole LIL apparatus was setup on an optical table
(Thorlabs, Newton, NJ) to minimize mechanical vibrations.
153
Figure 6.1 Process flow for patterning silver thin film with HDT and etching to produce
nanohole arrays. (1) the PDMS is inked with HDT using a cotton swab. (2) and
(3) The inked stamp is brought in contact with the glass substrate deposited
with silver thin film. A self-assembled monolayer of HDT is formed in about
10 s. The yellow arrow points towards decreasing pitch value of the pattern.
(4) A second stamping in orthogonal direction produces a 2D grid pattern of
HDT monolayer on the silver surface. The two yellow arrows point towards
decreasing pitch values of the grid pattern. (5) The final etching step produces
silver nanohole arrays.
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6.3.3 Pattern transfer from Photoresist to PDMS
The grating sinusoidal topology of the LIL fabricated patterns was transferred to a ∼1 cm thick
PDMS stamp using a silicone elastomer kit (Sylgard 184, Dow Corning). Briefly, a 10:1 ratio of
the elastomer and curing agent were mixed vigorously for ∼25 min and placed under vacuum at
20 in Hg for 30 min to remove air bubbles produced during mixing. The PDMS mixture was then
poured on top of the grating, heated and cured at 80C overnight in a VWR Sheldon Lab 1400E
vacuum oven for a minimum of 3 hours. Once the mixture solidified, it was peeled off, transferring
the grating topology to a PDMS stamp. This molding process is summarized and shown in Figure
S.6.9.
6.3.4 Silver deposition on glass substrate
Silver films of ∼100 nm were vapor deposited (Denton Benchtop Turbo III, Denton Vacuum,
LLC, Moorestown, NJ) on clean glass slides to be used as substrates for the microcontact printing
technique. The silver was deposited at a rate of 0.8-1 /s. Silver film thickness was monitored using
a quartz crystal (INFICON, East Syracuse, NY). To improve the adhesion between the silver and
the glass substrate, a 5-nm thin titanium layer was sputtered coated previously using a rate of 0.1
-0.2 /s (ATC 1800-F, AJA International Inc, Country Way, Scituate, MA).
6.3.5 Microcontact printing and nanohole arrays fabrication
Nanohole patterns were produced using a double microcontact printing (µcP) technique to
transfer the grating on a PDMS stamp onto a silver substrate to create grid pattern of self-assembled
monolayer of 1-hexadecanethiol (HDT). The process flow is illustrated in Figure 6.1. Briefly a 2
mM HDT ethanolic solution (Sigma Aldrich, Burlington, MA) was applied to a patterned PDMS
stamp by dabbing the patterned side of the stamp with a cotton swab for 5 s and letting it diffuse
into the PDMS. The HDT formed a self-assembled monolayer on the substrate, transferring the
pattern from the stamp to the silver, and acting as an etchant-protective layer. The stamp was
then dried in a stream of nitrogen gas for 30 s and placed into contact with the silver substrate
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for 5-10 s. To avoid trapping bubbles between the stamp and the silver substrate, their contact
was initiated at an angle edgewise. After contact, the stamp was separated carefully from the
silver. A subsequent orthogonal contact with the silver substrate results in the formation of a two-
dimensional pattern, as shown in Figure 6.1. The silver substrate was then immersed in a standard
ferri/ferrocyanide etching solution, with a composition of 0.1 M potassium thiosulfate (K2S2O3),
0.01 M of potassium ferrocyanide (K3Fe(CN)6) and .001 M potassium ferricyanide (K4Fe(CN)6)
in DI water. The etching solution was continuously stirred at ∼200 rpm with a magnetic stirring
bar to make sure the concentration is uniform throughout the solution during etching. The etching
rate of the solution was measured to be approximately 2-3 nm/s of silver. The areas unprotected by
the HDT solution were fully etched resulting in a two-dimensional nanohole pattern with multiple
periodicities due to the chirped grating produced with LIL.
6.3.6 Physical and optical characterization of the nanohole arrays
Micrographs normal to the nanohole patterned surface were collected using a Jeol JSM 6010
scanning electron microscope. Images were collected at low vacuum environment using a back-
scatter electron detector (BEIW). An Olympus BX50 optical microscope (Olympus America Inc,
Center Valley, PA) was used to collect a micrograph of the entire nanohole patterned structure.
The micrographs were collected normal to the surface every 0.5 mm in both directions in order
to capture the periodicity variation across the sample. Infrared reflection absorption spectroscopy
(IRRAS) of the sample were done using a Fourier transform infrared (FTIR) microscope (Nicolet
Continuum Infrared Microscope with Nicolet iS50 FTIR, Thermo Fisher) with a 15× objective,
variable aperture size (100 µm2 to 22500 µm2), and liquid nitrogen-cooled mercury cadmium tel-
luride. For this experiment an aperture of 100 µm × 100 µm was used to collect the spectra. Light
polarization was controlled using a ZnSe polarizer. The spectra of a smooth silver layer on glass of
the same thickness as the nanohole sample was used as reference for all measured spectra.
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6.4 Results and Discussion
6.4.1 Fabrication of chirped grating stamp
Fabrication of chirped surface relief gratings possessing a wide range of pitch values was achieved
using laser interference lithography (LIL) [48]. A traditional LIL system uses a plane mirror to
fabricate single-pitch gratings [29], which we modified by replacing the plane mirror with a non-
planar convex mirror. The experimental setup is shown schematically in Figure S.6.10 and the real
setup is shown in Figure S.6.11. Detailed description of the chirped grating formation is provided
in the Supporting Information. Ray tracing diagrams developed using OpticalRayTracer, which
computationally trace path of incident light on optics, are shown in Figure S.6.12A for traditional
LIL and in Figure S.6.12B for modified LIL. The diagrams show how the curvature of a non-planar
mirror deflects the incident beam at varying reflection angles helping to create chirp in the pitch
value of the fabricated gratings.
The chirped grating fabricated using LIL was transferred from photoresist-coated substrate
to PDMS using PDMS molding. The pitch variation of the chirped grating was measured by a
series of Bertrand lens diffraction images (S 5A) and SEM images (S 5B) shown in the Supporting
Information. While the SEM images allow direct measurement of the pitch value at each location,
the diffraction images depict diffractive characteristics of each pitch value. From each diffraction
image the pitch value can be obtained using the eq. E.6.1 and eq. E.6.2 and be verified against the
corresponding SEM image.
Λ sin θ = mλ (E.6.1)
sin θ =
x
x2 + d2
(E.6.2)
where, Λ is the pitch value of the grating, the wavelength of the HeNe laser (λ = 632 nm), d is the
distance between the grating and the screen, x is the distance between the first order and zero order
diffracting spot, m is the diffraction order, which is 1 in our case as we used first order diffraction
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for calculation. The value of d is calibrated by using a commercial grating with a known pitch
value. The measured pitch values change continuously across the ∼40 mm length of the sample
from ∼1000 nm to ∼10000 nm. Figure 6.2 shows the summarized pitch values with respect to
distance taken along the white arrow. It is evident from the graph that pitch value changes over
a wide range. The change is more prominent at higher pitch values and compared to lower pitch
values. This trend mainly arises from the shape of the mirror employed in LIL to create chirp in
the interference pattern. At one the extreme edge of the stamp, pitch value starts from ∼10000
nm. With distance the pitch decreases sharply and the slowly decreases to a value of ∼500 nm at
the opposite edge of the stamp.
Figure 6.2 Pitch profile of the fabricated nanohole along the direction of the white arrow.
6.4.2 Fabrication of chirped-pitch nanohole arrays
Chirped pitch nanohole arrays were produced using a double µcP technique. The chirped
pitch PDMS gratings fabricated in the previous section were used as the stamps. Hexadecanethiol
(HDT) was used as the ink to form high quality patterns of SAMs on the silver substrate. HDT is
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an alkanethiol with a thiol group to form thiol bond with the silver substrate and a hydrocarbon end
to form hydrophobic protection region on the silver. The formation of HDT SAMs on silver requires
a minimum concentration of the HDT ethanolic solution. Using too less concentration would lead
to patchy patterns and using excessively high concentration would promote diffusion of the HDT
to neighboring regions. Both the cases would lead to deterioration of the transferred pattern. In
addition, the contact time between the stamp and the silver substrate must be appropriate to
promote the formation of high quality SAMs. Similar to the concentration effect, too much or
too less contact time would lead to distortion of the transferred pattern as contact time allows
transfer and formation of HDT SAMs on the silver silver. In our experiment the concentration and
contact time were optimized at 2 mM HDT and 5 second respectively. To dissolve HDT, ethanol
was selected as the solvent as it has a insignificant swelling effect on PDMS.
After two subsequent and orthogonal stamping with the inked chirped grating stamp, a chirped
grid pattern of HDT SAMs was formed on the silver substrate as shown schematically in Figure
6.1. An etching process was carried out to transfer the pattern to the underlying solver film. An
etching system consisting of an oxidizing agent was used to oxidize the silver not protected by the
HDT SAMs pattern. The etching system also consisted of a complex-forming ligand system to
dissolve the oxidized metal away. K2S2O3 was used as the oxidizer. And mixture of K4Fe(CN)6
and K3Fe(CN)6 was used as the reducing agent [238, 239]. The microcontact printed pattern on
the silicon was transferred to the silver substrate over a large area with excellent contrast as shown
in Fig. 6.3. The bands of perpendicular rainbow colors (indicated by the white arrows) arise from
chirped nanoholes pattern. The fabricated nanohole arrays has a total area of ∼400 mm2.
The whole region was scrupulously studied using transmission light microscopy at intervals of
1 mm in both directions and the images were stitched together to form an optical map of the
nanohole array (Figure 6.3). The series of images show trend in both pitch value and the shape of
the nanoholes. In the pattern, the white rectangular regions are the nanoholes and the dark region
are silver blocking transmission of light. To describe the trends the optical map was labelled using
three dark blue arrows (i), (ii) and (iii). Along arrow (i), the chirp is in the horizontal direction
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leading to horizontal elongation of the nanoholes. Along arrow (ii), the chirp occurs in the vertical
direction leading to vertical elongation of the nanoholes. Along arrow (iii), both the horizontal
and vertical chirp have equal component leading to preservation of nanohole shape but increase
in pitch value. The pitch values of the nanohole arrays in each direction maintain the pitch value
range of the PDMS stamp used to fabricate them i.e. from ∼1000 nm to ∼10000 nm. The range
of nanohole shapes and their pitch value variation enrich the substrate with the ability of tuning
SPR using two-dimension translational movement and being sensitive to the state of polarization
of incident light.
Figure 6.3 Optical transmission images of a sample nanohole array organized in to create
a representative map of the whole sample. The range of pitch values varies
from 1000 nm to 10000 nm along the direction of the white arrow. The black
areas represent the silver covered areas, whereas the yellow areas represent glass
holes.
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Figure 6.4 Diffraction images of selected regions of the nanohole arrays. The regions are
shown as insets. Scale bar: 1 µm−1.
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Figure 6.3 also shows that there are little defects on the sample. The nanoholes are mostly
rectangular in shape with sharp corners. Sharp metallic corners in nanostructures are known to
lead to a strong enhancement of electromagnetic fields [240] thus the fabricated nanohole array was
assumed to produce a strong plasmonic response.
6.4.3 Translational Tunability
The characteristics of the SPR excited by the surface plasmon is highly dependent on the pitch
value. The relationship between pitch value of the nanohole arrays and spectral location of the
SPR is dictated by equation E.6.1:
λ =
Λ√
i2 + j2
√
εdεm
εd + εm
(E.6.3)
where λ is the spectral location of the SPR peak for a normal incident white light, Λ is the pitch value
of nanohole, the indices i and j are the scattering orders of the array, εm and εd are the dielectric
constant of the metal and the dielectric used. The expression
√
εdεm
εd+εm
can be simplified to
√
εd
by considering that for silver metal ||εm||  ||εd||. This alludes that the SPR is mainly dependent
on the dielectric constant of the local environment or the pitch value. The dielectric constant εd
is a composite effect of the dielectric of the substrate (glass) and the superstrate (air) and can be
approximated using εd =
n2air+n
2
glass
2 ≈ 1.625, which is assumed to be constant in this work. The
remaining variable is the pitch value, which can be controlled by translational movement of the
nanohole arrays. Figure 6.5 demonstrates the tunability of the SPR peak achievable by varying
position of the sample for p-polarized light. For a position 1 (pitch value of 4992 nm), the SPR peak
appears at λ ≈ 4992×√1.625 ≈ 6300 nm, which closely matches the experimental result. Similarly,
for position 7 (pitch value of 1446 nm), the SPR spectral position is 1840 nm. By changing between
position 1 and position 7 it is possible to continuously manipulate the location of the SPR peak.
Figure 6.5 is a normalized version of the SPR peaks in order to juxtapose the peaks next to each
other to clearly represent their relative spectral locations. The non-normalized peaks are plotted
in Figure S.6.14.
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It is important to note that the bandwidth of the peak decreases from the higher pitch value
to lower pitch value. This is due to the non-linear chirp characteristic of the pitch profile across
the substrate. The degree of chirp is higher for higher pitch value. The situation depicted in
Figure S.6.15 in the Supporting information. In the figure two rectangular boxes were drawn each
of width 100 µm representing the size of the aperture used to take the SPR spectra. The first
rectangle drawn at position 1 overlaps with a wide range of pitch values shown in the inset. Over
distance of 100 µm the pitch value changes by ∼300 nm. On the other hand, for position 7, the
pitch value changes by only ∼20 nm. The relatively large range pitch values for the given window
size at position 1 accounts for the broadness of the measured peak.
Figure 6.5 Infrared Absorption Spectroscopy of the nanohole arrays using p-polarized
light. The series of insets show the nanohole regions corresponding to the
spectra. The double headed blue arrows shows direction of polarization. The
following the pitch value of the numbered location along the polarization direc-
tion: 1. 4992 nm, 2. 3562 nm, 3. 2814 nm, 4. 2347 nm, 5. 1590 nm, 6. 1477
nm, 7. 1346 nm.
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Figure 6.6 Infrared Absorption Spectroscopy of the nanohole arrays using p-polarized
light. The spectra are taken at a specific location at various polarization state
of incident light. The polarization is varied by 10° each time.
6.4.4 Polarization Tunability
The continuous change in aspect ratio of the nanohole was also utilized to tune SPR location by
controlling the polarization state of the incident light. The rectangular nanoholes allow switching
between two SPR modes at a given location of the substrate just by polarization state by 90°.
Figure 6.6 shows a series of spectra takes at every 10° change in polarization state. A transmission
image of the substrate location under study is provided as an inset. The horizontal pitch value
of the studied nanoholes is 1234 nm and vertical pitch value is 5049 nm. The initial polarization
direction is indicated by the dotted red line. The angle with respect to initial polarization direction
is represented by θ. For θ = 0°, polarized light experience pitch value in the vertical direction along
the red dotted line. Using equation E.6.3 and similar calculation done in the previous section,
the SPR peak location should be λ ≈ 5049 × √1.625 ≈ 6434 nm, which closely matches the
value found experimentally. As the polarization angle deviates away from 0°, the vertical electrical
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component decreases in magnitudes leading to decrease in incident light available to excite SPR. The
magnitude of SPR peak therefore decreases as in the graph. Conversely the magnitude of electric in
the horizontal increases as θ approaches 90° leading to increased intensity of incident light. For θ =
90°, polarized light experience pitch value in the horizontal direction perpendicular the red dotted
line. Using equation E.6.3 the SPR peak location should be λ ≈ 1234×√1.625 ≈ 1573 nm, which
matches with the experimental value. In summary, the variation in pitch value in perpendicular
direction allow switching between two different plasmon modes by changing the polarization by
90°.
Figure 6.7 Tuning the SPR location by translational movement of the substrate targeting
enhancement of C-H and C=O vibrational modes.
6.4.5 Enhancement of -CH and -C=O vibrational modes using translational tunabil-
ity
In order to test the utility of the various SPR modes associated with chirped nanohole arrays
for enhancing the infrared signal of an adsorbed film, the nanohole substrates were spin-coated
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with PMMA film of thickness of ∼262 nm. PMMA film was used as it has both two stretching
bonds (C-H and C=O) in the spectral region of our interest. Figure 6.7 application of translational
movement of the nanohole arrays to tune the SPR position and overlap with both the stretching
mode subsequently. When the frequency of SPR matches the frequency of the stretching modes,
resonance coupling will occur increasing the amplitude of stretching of the functional groups and
therefore leading to increased IR signal. The first graph shows the IRRAS spectra of PMMA film
on a plain silver with no nanoholes. The signature signals for C-H and C=O groups are barely
visible. The rest of the spectra are taken at different locations with pitch value of the nanohole
arrays varying between 5100 nm and 2000 nm (indicated by the labels and snippet of nanohole
regions corresponding to each spectrum). When SPR overlaps with the C=O mode, the signal is
enhanced for pitch value of 5100 nm, the signal is enhanced by a factor of ∼7. As the SPR peak
shifts away from the C=O mode, the enhancement wanes. Like C=O mode, C-H signal is enhanced
to a maximum value by a factor of ∼8 when the SPR mode overlaps with it at nanohole pitch value
of 2300 nm.
Figure 6.8 Tuning the SPR location by altering polarization state of the incident light
targeting enhancement of C-H and C=O vibrational modes.
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6.4.6 Enhancement of -CH and -C=O vibrational modes using polarization-dependent
tunability
In order to enhance both C-H and C=O modes at a specific location just by changing the
polarization state of the incident light, we selected a region with pitch value of 1234 nm and 5049
nm in orthogonal directions. In Figure 6.8, each of the SPR mode was switched on by changing the
polarization either to 0 or 90. At 0, the SPR peak overlaps with the C=O mode and enhances the
IRRAS signal by a factor of ∼7. When the polarization is changed towards 90, the initial plasmon
mode deteriorates and the new plasmon mode ∼2000 nm is excited and couples with the C-H mode.
The C-H mode is enhanced by a factor of 4.
6.5 Conclusion
In this report, we have employed a new technique to fabricate a high-quality, two-dimensional
silver nanohole array of chirped pitch values varying from ∼500 to >10000 nm, by combining a
modified version of laser interference lithography, microcontact printing and etching processes. We
demonstrate that the arrays LSPR peaks are primarily dependent on the dielectric constant of the
local environment and the regions pitch values. The produced nanohole arrays offered substantial
tunability, which is shown by targeting a broadband spectral range both by translation of the
substrate, and by changing the polarization state of the incident light. We exhibited the utility
of the produced array for SEIRA spectroscopy by enhancing the hydrocarbon (C-H) and carboxy
(C=O) infrared vibrational modes of a PMMA molecule.
6.6 Supporting Information
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Figure S.6.9 Schematic of the grating fabrication and PDMS molding process. In pre-ex-
posure, the glass substrate is spin-coated with a light sensitive photoresist.
In the exposure stage, the photoresist is exposed to interference patter using
LIL technique. In the post-exposure stage, the exposed photoresist is devel-
oped and cleaned to reveal the grating structures. The fabricated grating is
replicated using PDMS to form PDMS stamp in the molding steps.
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Fabrication of Chirped Gratings
The traditional Lloyds mirror LIL uses a planar mirror as a reflecting element to create a
single valued interference pattern, which can be used in photoresist processing to fabricate a single
pitched grating. The Lloyds mirror LIL setup used in our work (schematic in Figure S.6.10, real
experimental setup in Figure S.6.11) consisted of a laser source, polarizers, a spatial filter, a mirror
to reflect half of the expanded beam, and a sample holder to mount a photoresist coated substrate.
In this configuration, the reflected beam interferes with the directly transmitted beam to create an
interference pattern on the substrate, which is recorded on a photoresist film. The pitch value (Λ)
of the interference pattern is given by eq. E.6.4:
Λ =
λ
sin θd + sin θr
(E.6.4)
where, λ is the wavelength of the laser beam, θd is the incident angle of the direct beam on the
substrate and θr is the incident angle of the reflected beam on the substrate (Figure S.6.10, inset).
In standard Lloyds mirror configuration, the periodicity of the interference pattern is monotonic
and is controlled by rotating the sample mount or changing the angle of the mirror as illustrated
in Figure S.6.12A. Our design utilized a hemicylindrical mirror reflector whose curvature serves
to continually change the incident angle of the reflected beam as a function of position along
the sample (Figure S.6.12B). The resulting interference pattern creates a periodicity that varies
continuously along the sample surface. The chirped grating produced with this procedure was
characterized using SEM imaging and optical diffraction as a function of position along the surface
(Figure S.6.13).
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Figure S.6.10 Schematic of the experimental set up of modified Laser Interference Lithog-
raphy technique to fabricate chirped pitch grating structures. The inset
illustrates how the curvature of the mirror deflects the incident beam at
varying angles creating chirped pitch grating structure.
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Figure S.6.11 Actual set up of the Laser Interference Lithography. The laser source con-
sists of a 405 nm diode laser source. The light passes through a 1/4 wave
plate and 1/2 waveplate. The spatial filter expands the beam into a Gaus-
sian profile beam. The beam the goes to the reflecting element and substrate
holder arrangement.
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Figure S.6.12 (A) Ray diagram of a traditional LIL setup. The setup consists of plain
mirror which reflects the incident beam at constant angle. (B) Ray diagram
of the modified LIL setup used in this work. The plain mirror in the modified
version is replaced by a convex mirror which reflects the incident beam at
continuously varying reflected angle. The continuous variation of reflected
angle creates chirped pitch grating.
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Figure S.6.13 (A) Diffraction image of period chirped grating at different positions on the
nanostructures. (B) SEM images of grating nanostructures showing different
pitch values.
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Figure S.6.14 Raw spectral responses of nanohole array at different locations. The nor-
malized results are shown in Figure 6.5.
Figure S.6.15 Pitch profile of the grating stamp. The gray regions represent windows of
width 100 m. The window at position 1 covers a wide range of pitch values
compared to the widow at position 7.
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CHAPTER 7. MASSIVE ENHANCEMENT OF OPTICAL
TRANSMISSION ACROSS A THIN METAL FILM VIA WAVE VECTOR
MATCHING IN GRATING-COUPLED SURFACE PLASMON RESONANCE
Russell Mahmood; Michael B. Johnson; Andrew C. Hillier
Manuscript prepared for submission to ACS Anlytical Chemistry
“Most of the phenomena you are familiar with involve the interaction of light and
electrons-all of chemistry and biology, for example. The only phenomena that are not
covered by this theory are phenomena of gravitation and nuclear phenomena; everything
else is contained in this theory.”
–Richard Feynman
7.1 Abstract
We demonstrate how distinct surface plasmon resonance modes on opposite sides of a metal-
coated grating can be adjusted to couple across the metal film. This coupling occurs by matching
the resonance conditions on each side of the grating by tuning the refractive index directly adjacent
to the metal film. In the first example, we deposited a high refractive index layer of tin oxide on top
of the grating to red-shift the front side surface plasmon until it coupled with the backside surface
plasmon across a semi-transparent ∼45 nm thin silver grating. By shifting the resonance condition
of the nearby surface plasmon, this high refractive index coating creates an effective matching of
wave vectors across the metal film, allowing them to couple and enhance the optical response.
A massive increase in the magnitude of enhanced transmission is observed, increasing from a 5-
fold transmission enhancement through a bare silver grating to a near 100-fold enhancement after
deposition of a tin oxide layer of appropriate thickness (∼310 nm). This optical transmission en-
hancement is then probed through computational modeling and by experiments with liquids of
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various refractive index values. The matched system shows an increased sensitivity with respect to
refractive index changes and a wave-guide like behavior within the tin oxide film. As an alterna-
tive configuration, we also demonstrate coupling the front and back-side plasmon modes by using
a lower refractive index substrate in order to blue-shift the back-side surface plasmon. Coupling
between the two plasmon modes is then demonstrated by introducing aqueous solutions of various
refractive index values. Under the proper conditions, this matched system also shows a substan-
tial enhancement in transmission. This technique of wave vector matching provides a route to
substantially increasing the plasmon enhanced optical transmission through metal gratings, which
has potential application in improved plasmonic sensing, spectroscopy, and plasmon-based optical
devices.
7.2 Introduction
Surface plasmon resonance (SPR) is a powerful and highly versatile optical phenomena utilized
for various analytical measurements such as label free sensing of adsorption,[241] measurement of
binding affinities,[242–244] and monitoring thin film deposition.[103, 245–247] These measurements
exploit SPRs sensitivity to changes in near-field optical properties,[188, 248] namely deviations in
optical parameters such as refractive index. The enhanced surface electric field associated with
SPR[188] can also be used to enhance surface spectroscopies. Examples of this include Surface
Enhanced Raman Spectroscopy (SERS),[28, 227, 249, 250] Surface Enhanced Infrared Absorp-
tion (SEIRA),[28, 29, 227, 250, 251] Surface Enhanced Near-Infrared Absorption Spectroscopy
(SENIRA)[252] and SPR enhanced fluorescent spectroscopy.[253–256] In addition, plasmonic struc-
tures have very selective and tunable transmissivity/reflectivity, which make them ideal for applica-
tions as optical elements, including bandpass filters,[257] reflectors,[258] and focusing elements.[259]
The suitability of SPR for specific applications is related to the localization and wavelength
dependence of the electric field enhancement.[244, 260, 261] Factors affecting this field enhance-
ment include the plasmon coupling method (e.g., prism, grating, waveguide),[188, 210, 261] surface
topology,[244, 262–266] layer composition and thickness,[247, 253, 267–270] and incident light an-
176
gle and wavelength.[183, 269, 271] Prism coupled SPR sensors generally have higher sensitivity for
binding studies,[210, 272] but the spectral location and angle associated with the SPR peak is lim-
ited by the refractive index of the prism material.[271] Studies done on prisms are usually performed
in reflection mode and typically utilize only a single plasmon mode.[273] Although grating couplers
typically exhibit a lower sensitivity to RI changes,[210] gratings offer tunability through manipula-
tion of the angle of incidence and grating pitch value.[247, 262] They also provide increased infor-
mation by plasmon excitation through multiple diffractive orders.[103, 104, 247, 274–276] Gratings
also allow simple measurement in the transmission configuration, which also permits simultaneous
excitation of multiple plasmon modes on each of the metal-dielectric interfaces (substrate/metal
and metal/ambient interface).
One method for increasing both the sensitivity and the surface electric field enhancement is by
creating symmetric interfaces where matching refractive index conditions exist on either side of a
thin metal film. When similar optical properties are present on either side of the metal film, wave
vector matching occurs and otherwise degenerate SP modes couple and split into long range SPR
(LRSPR) and short range SPR (SRSPR) modes.[183, 274, 277] LRSPR has inherent advantages over
uncoupled SPR associated with a larger penetration depth of the evanescent wave into the adjacent
dielectric medium and a greater electric field enhancement at the interface. These features allow
for potentially more sensitive detection of surface and bulk refractive index changes,[241, 269, 278]
which motivates the use of LRSPR sensors and the search for additional methods of index matching
to excite LRSPR modes.
A demonstrated method for coupling plasmon modes is to create symmetry by sandwiching
a thin metal film between dielectric layers of matching refractive indexes.[269, 279] For example,
in prism coupling for aqueous applications, an index-matching layer of refractive index similar to
water (e.g., Cytop, Teflon AF)[241, 253, 269, 278, 280] can be coated under the metal film to create
optical symmetry with the water interface on the opposite layer. This technique has been used to
create matching conditions using a prism in reflection configuration and has resulted in substantially
improved detection limits.[241, 269, 278] Drawbacks to index-matching polymers include the high
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cost of materials and experimental limitations, including that this system only functions in aqueous
environments (i.e. symmetry is not achieved when used in air).
In this work, we have developed an index matching method to create effective interface symmetry
and produce LRSPR using two different grating designs. In the first case, we describe a method
that exploits a thin layer of high refractive index material coated on the front side of a silver grating.
We deposit a thin film of tin oxide (SnO2) in order to red-shift the front side SPR until it couples
with the SPR on the back (metal/substrate) side of a grating. This results in a massively enhanced
transmission signal via the formation of LRSPR. Computational results show that the enhanced
electric field associated with LRSPR transverses the tin oxide layer and is sensitive to changing
refractive index beyond the dielectric layer. This is demonstrated experimentally by probing the
transmission response with liquids having different refractive index values. In a second example,
we lowered the refractive of the substrate material to blue-shift the backside SPR. This was done
to couple with SPR on the front side of the metal/dielectric interface. In this case, the interface
was designed such that symmetry could be achieved in an aqueous environment. The refractive
index of the substrate material was lowered by creating the grating template on a low refractive
index polymer and then coating with a thin metal layer. Both of these configurations provide a
potential method for using the advantages associated with LRSPR in a grating-based interface.
7.3 Experimental Section
7.3.1 Materials
Silver wire (99.995% purity) and tungsten wire baskets for evaporation were purchased from
Ted Pella (Redding, CA). The tin sputtering target (99.99% purity) was purchased from AJA
International (North Scituate, MA). UV curable polymers (NOA 61 and NOA 142, Norland, Cran-
bury, NJ) and polydimethylsiloxane silicone (PDMS) elastomer kit (SYLGARD 184, Dow Corning,
Midland, MI) were used as received. Recordable digital versatile discs (MAM-A 16X Silver DVD-
R) were from MAM-A (Colorado Springs, Colorado). ACS grade sucrose, purchased from Fisher
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Scientific (Hampton, NH), was dissolved in deionized water with electrical resistivity exceeding 18
Mcm (NANOPure, Barnstead, Dubuque, IA).
7.3.2 Grating Fabrication
Gratings were created from the pre-groove present in commercial DVD-Rs. The gratings were
isolated, cleaned, and replicated onto clean glass slides with PDMS onto a UV curable polymer,
as shown schematically in Figure S 7.11 (Supporting Information) and also described in previous
publications.[103, 104] Briefly, a DVD-R was manually split into two constituent polycarbonate
pieces at the center-plane of the DVD using a razor blade. The polycarbonate piece with the
grating was easily distinguishable from the unstructured polycarbonate piece as it exhibited a
“rainbow” color due to the grating and a blue tint due to the coated dye layer. The dye was
dissolved in ethanol and was washed off using absolute ethanol and dried in a stream of nitrogen.
The grating was replicated onto a PDMS master. The PDMS master was used to transfer the
grating to a UV-curable optical adhesive by sandwiching drops of the adhesive between the PDMS
surface and a clean glass slide and exposing with a UV lamp for 30 min to cure the polymer. The
gratings on the glass slides released cleanly from the PDMS, which allowed the same nanostructure
to be reproduced several times without noticeable degradation of the structure. Typical gratings
used NOA 61 as the UV-curable substrate layer. NOA 61 has a refractive index very similar to
glass, with a value of 1.55.[102] After the substrates were prepared, a 45 nm coating of silver was
then deposited at a rate of 1-1.5 A˚/s on the grating by thermal evaporation (Denton Benchtop
Turbo III, Denton Vacuum, LLC, Moorestown, NJ). The silver film thickness was monitored in situ
using a quartz crystal resonator.
Gratings with a low refractive index underlayer were prepared in the same manner, except that
a low RI optical adhesive (NOA 142) was used instead of NOA 61. Cured NOA 142 has a RI of
1.42.[281] The curing process of NOA 142 is sensitive to the presence of oxygen, which inhibits the
curing process. Therefore, curing was carried out under nitrogen in a glove box.
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7.3.3 Tin Oxide Coating
A transparent layer of tin oxide (SnO2) was deposited onto the silver grating by reactive DC
sputtering (ATC 1800, AJA International) of a tin target in a partial oxygen environment (Figure S
7.12, Supporting Information). Typical conditions during sputtering included introducing a flow of
30 SCCM (standard cubic centimeters per minute) argon (Ar) and 25 SCCM oxygen (O2), yielding
a chamber pressure of ∼7 mTorr. The sputter power was set to 75 W, with typical voltage and
current values ranging between 345-360 V and 206-220 mA, respectively. Tin oxide layers were
deposited to produce films with thicknesses ranging between 25-400 nm. The deposition stage
rotated at 30 RPM to increase film uniformity, while a quartz crystal thickness monitor was used
to monitor the layer thickness. Notably, changing the deposition conditions, such as by varying the
relative O2 to Ar flow could be used to precisely control the resulting film composition (Figure S
7.13, Supporting Information). Pure Sn was deposited at low to zero O2 flow, while an increasing
oxide content was reached with increasing O2 flow, before achieving the transparent SnO2 oxide
composition at O2 to Ar flows of approximately 1:1.
7.3.4 Ellipsometry
The thickness and refractive index values of the various films were determined using spectro-
scopic ellipsometry. Delta and Psi values were measured at wavelengths between 380 and 900 nm
and at angles of incidence of 65°, 70°and 75°(Alpha-SE, J.A. Woollam Co., Lincoln, NE). The
film thickness and refractive index values of the various films were then determined by fitting a
multilayer reflectance model to the measured Delta and Psi ellipsometry parameters.
7.3.5 Optical Characterization
Transmission spectra were measured using a custom-built, variable angle optical apparatus as
described previously.[103, 104] Briefly, white light from a broadband light source (OSL1, Thorlabs
Inc, New Jersey, USA) was collimated using a convex lens with a focal length of 150 mm (Newport
Optics). The collimated beam passed through a Glan Thompson polarizer followed by a variable
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diameter aperture. The resulting beam was transmitted through the sample, which was mounted
to a motorized rotation stage. The transmitted light was then collected with a 600 µm, bifurcated
optical fiber that sent the light to two different spectrometers. The first measured spectral intensity
at wavelengths between 350-1000 nm (HR400CG, Ocean Optics) while the second measured between
800-2500 nm (NIRQuest512-2.5, Ocean Optics). Results from both spectrometers were combined
to create a composite signal between 350 and 2500 nm. Transmission spectra were collected with
incident light perpendicular to the sample surface (θ= 0°). All spectra were referenced to light
transmitted through a flat silver on glass film of the same thickness at θ= 0°. Dispersion images
were collected at angles ranging between -60°and +60°with respect to normal incidence using the
motorized rotation stage in conjunction with a home-built control program (LabView), as described
previously.[103] All spectra were referenced to light transmitted through a flat silver on glass film
of the same thickness at θ= 0°.
7.3.6 Refractive Index Sensing
Various liquids were used to change the bulk refractive index to probe the sensitivity of the the
gratings. Three liquids were used to probe the high RI front side grating. These included 100%
deionized water (DIW), 50% DIW-50% glycerol, and 100% glycerol, with bulk refractive index
values of 1.33, 1.4, and 1.475, respectively. A glass cover slip was used to cover the liquid layer
during these measurements. Various aqueous sucrose solutions were used to match the front side
RI with the low back-side RI grating. The sucrose concentration was varied between 0 g/ml, 17
g/ml, 42 g/ml and 54 g/ml to achieve refractive index of aqueous medium of 1.330, 1.360, 1.403
and 1.430 respectively.[282]
7.3.7 Optical Modeling
Modeling of the optical transmission results was achieved using a custom MatLab code that
employed the rigorously-couple wave analysis (RCWA) method to solve for the optical response
of the grating geometry.[283–285] This code computed transmission and reflection efficiencies for
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various diffracted grating orders using both transverse magnetic (TM) and transverse electric (TE)
incident light as a function of wavelength. In addition, the surface electric field at specific wave-
lengths was determined using a finite element code with COMSOL Multiphysics 5.3. The grating
geometry used for these calculations was based upon a measured grating profile and the measured
thickness and optical constants of the constituent layers.
7.4 Results and Discussions
The samples investigated in this study consisted of gratings containing several thin film layers
(Figure 7.1). The layers included a glass substrate, a grating made from a transparent UV-curable
polymer (back-side material), a ∼45 nm silver film, and a high refractive index coating (front-side
material) of variable thickness. Atomic force microscope data depicted a cross-sectional profile of
the grating with a pitch value of ∼740 nm and an amplitude of ∼90 nm (Figure S 7.14, Supporting
Information). After coating with ∼45 nm of silver, roughness analysis revealed a smooth surface
with root-mean-square (rms) roughness of 2.1 nm over an area of 1 µm2. For most samples, the
grating region covered a majority portion of the glass slide substrate while the remaining flat region,
which was covered with the same films with equivalent thicknesses, was used as a reference for the
optical transmission measurements (Figure S 7.15, Supporting Information).
Optical transmission spectra through the silver coated grating using light polarized perpen-
dicular to the grating groove direction (p-polarized) at normal incidence (Figure 7.2) shows two
primary features. A significant enhanced transmission peak is observed at ∼740 nm (denoted by
*) while an absorbance or attenuation feature is observed at ∼1200 nm (denoted by **). In these
measurements, the reference spectrum is a flat sample region coated with silver of the same thick-
ness. A calculated transmission spectrum using the Rigorously Coupled Wave Analysis [283–285]
method, using the cross-section geometry as measured earlier and the measured film thicknesses
and optical constants, shows the same primary transmission and absorbance features.
The nature and origin of the enhanced (*) and attenuated (**) transmission features in the
optical spectrum can be attributed to the excitation of surface plasmons at various film interfaces.
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Figure 7.1 Schematic of flat (left) and grating (right) portions of sample showing path for
incident (I), reflected (R), and transmitted (T) light, including diffracted or-
ders. Layers associated with substrate (glass), transparent UV curable polymer
layer (back), metal (silver), air, and high refractive index (RI) film shown.
Optical excitation of surface plasmons at a metal-dielectric interface requires matching of the mo-
mentum of the incident light with that of the surface plasmons. Surface plasmons have a complex
wavevector (ksp) described by the dispersion relationship[262]:
ksp =
2pi
λ
√
n2Dεm
n2D + εm
(E.7.1)
where λ is the wavelength of excitation, εm = εmr+iεmi is the dielectric constant of metal composed
of real εmr and imaginary εmi components, and nD is refractive index of the adjacent dielectric
medium. The in-plane component of the wavevector of the incident light is given by the following
equation[262]:
k|| =
2pi
λ
nλ sin θ ±mg (E.7.2)
where λ is the wavelength of the incident light, n is the refractive index of the dielectric medium
of light propagation, θis the angle of incidence, g = 2pi/Λ is the reciprocal vector of a grating with
periodicity Λ, and diffractive order m = (1, 2, 3 ...). Excitation of surface plasmons will occur when
ksp equals k||. Equation E.7.1 and Equation E.7.2 can be combined and simplified into Equation
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Figure 7.2 Normal incidence visible transmission spectra for p-polarized light through sil-
ver-coated grating based upon experimental measurement (A) and computa-
tional model (B). Grating transmission values (Tp,gr) are referenced to flat
surface with same polarization (Tp,flat).
E.7.3.
λ =
Λ
m
[√
n2Dεm
n2D + εm
+ nλ sin θ
]
(E.7.3)
which relates the wavelength of SPR excitation to the refractive index of the adjacent medium,
dielectric constant of the metal, periodicity of the grating, and the angle of incidence of the incident
light. For optical excitation at normal incidence (θ= 0°), the first order diffractive peaks (m = ±1)
produce strong plasmon peaks at both the front (*) and back (**) sides of the metal film since
the dielectric materials at these interfaces are different (air and optical adhesive). Substituting the
grating pitch value as measured for this DVD-R grating (∼740 nm) and RI values for the dielectric
materials (air: n = 1.00 or NOA 61 optical adhesive: n = 1.56) and metal into Equation E.7.3, two
excitation wavelengths are found for the two different metal/dielectric interfaces: ∼747 nm for the
front and ∼1183 nm for the back-side SP peaks. The transmission spectra depicted in Figure 7.2
indeed show two plasmon features at wavelengths very close to those predicted by Equation E.7.3.
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An enhanced transmission peak is observed at ∼740 nm (denoted *) corresponding to the front side
plasmon. An absorbance or attenuation of the transmitted light is observed at longer wavelengths
associated with the back-side attenuation (denoted **) at ∼1200 nm.
While Equation E.7.3 can predict the wavelengths where resonance conditions occur, it offers
little information about the nature of the surface electric field or the resulting spectral enhancement
(or attenuation). The experimental results, including the magnitude and location of the peaks, can
be considered in more detail via optical modeling of the grating interface. Figure 7.2B depicts the
computed optical transmission spectra for a model of the silver-coated grating using the RCWA
model. The predicted response shows a strong similarity to the measured results, with only small
differences in the magnitudes of the enhanced and attenuated peaks. Note that the amplitude
of these features in the model results were found to be a strong function of the specific shape of
the surface profile used to represent the DVD surface. Further detail about the grating interface
can be found by considering the electric field generated near the surface. Figure 7.3 shows the
computed electric field as a function of wavelength using p-polarized (TM) light to illuminate the
grating interface. Far from the resonance wavelength, the field outside the grating is periodic and
of small magnitude. However, a significant increase in the field is observed near the surface as the
resonance wavelength is approached. A maximum intensity of the overall field, with significant
surface enhancement, is observed for the computed response at 745 nm. The electric field shows
the expected nonlinear surface enhancement with a decay length (1/e) of approximately 500 nm.
The magnitude and extent of the field enhancement decreases at wavelengths above and below
the resonance condition. For comparison, the electric distribution on the grating surface when
illuminated with s-polarized (TE) light is shown in Figure S 7.17. S-polarized light fails to excite
SPR and the field outside the grating is periodic and weak.
The presence of the two distinct plasmon features as noted in Figure 7.2 is an indication of an
asymmetric interface with unmatched plasmon wave vectors on opposing sides of the silver film.
In order to create the desired optical symmetry in this interface such that the surface plasmons on
both sides of the grating interface will couple and interact, we coated increasingly thicker layers
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Figure 7.3 Computed electric field near a 45 nm thick silver film on grating with pitch value
of 740 nm illuminated with p-polarized light at 0°incident angle. Illumination
wavelength, interface regions, and spatial dimensions shown in figure.
of a high refractive index (RI) tin oxide onto the ambient/front side of the silver grating (Figure
7.1). The tin oxide film was created by reactive sputtering of a tin target in the presence of an
oxygen atmosphere. The deposition process was optimized to tune the oxygen concentration in the
film to produce the desired SnO2 film composition.[286, 287] In the absence of oxygen, a simple tin
metal film is formed. With increasing oxygen content, colored oxide phases are observed. At higher
oxygen concentrations, an oxide stoichiometry is produced that is transparent also possesses a high
refractive index (Figure S 7.16, Supporting Information). This tin oxide film compares to the UV
curable substrate polymer (NOA 61), which is also transparent, but with a smaller refractive index
similar to that of optical quality glass (Figure S 7.16, Supporting Information).
Coating the bare silver grating with a thin layer of SnO2 shifts the front side plasmon peak
position to longer wavelengths, while having little impact on the back-side peak. Optical transmis-
sion measurements for several samples with increasing thickness of tin oxide are shown in Figure
7.4. At tin oxide thicknesses of 0, 66, and 145 nm, the front side plasmon peak appears at 740, 840
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and 1020 nm, respectively (Figure 7.4A). These samples show the expected red-shift in plasmon
wavelength with increasing film thickness, while the back-side feature is mostly unchanged (Figure
7.4B). For the 145 nm tin oxide film, evidence of resonant coupling between the front and back-side
modes begins to appear as the peaks overlap. At a thickness of 244 nm, the front and back-side
features are strongly overlapping and a very large enhancement peak appears, with a magnitude
near 30. Full matching of the interface wavevectors was found to occur at a thickness of 300-320 nm
for the tin oxide layer. This yielded a transmission enhancement at ∼1175 nm with a magnitude
consistently between ∼50 and 100 times larger compared to flat silver with an equivalent thickness
of tin oxide.
Figure 7.4 (A) Transmission spectra as a function of tin oxide thickness with front side
(*) and back side (**) features identified. Inset shows schematic of sample and
measurement details. (B) Evolution of locations of front and back side features
as a function of tin oxide thickness.
In order to more fully examine the interaction between front and back-side plasmon peaks with
various tin oxide films, we measured dispersion images for several of these samples. Figure 7.5
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depicts a set of these data, which consist of a dense collection of transmission spectra as a function
of sample rotation combined together in a single image.[103] The dispersion images show various
features, mostly consisting of curves with increased or decreased transmission, which represent
dispersing or angle-dependent plasmon modes associated with specific diffracted orders from either
the front or back of the grating interface.
Figure 7.5 Dispersion images showing relative transmission (Tp,gr/Tp,flat) as a function of
wavelength and incident angle for (A) 0 nm, (B) 145 nm, and (C) 310 nm tin
oxide films. Various annotations in the figure are described in the text. The
transmission intensity scales for the dispersion images are (A) 0 to 4, (B) 0 to
40), and (C) 0 to 100 units.
Figure 7.5A shows a dispersion image for the bare silver grating. The first order diffracted modes
for the front side (*) of the grating appear as enhanced optical transmission, with two curves of
enhancement that vary with angle and cross at ∼750 nm. The SP modes associated with first
order diffraction from the back side (**) of the grating appear as two dark lines (or attenuation)
that cross at ∼1200 nm. Plotting the data from a vertical line through 0°would produce the
transmission spectra as shown in Figure 7.2 for the bare grating. Several additional curves of
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enhanced and attenuated transmission appear at lower wavelengths, and these are associated with
the second order diffracted modes on front and back sides of the grating.
Figure 7.5B depicts a dispersion image for the grating after coating with a 145 nm tin oxide
film. There is a shift and broadening of the front side features (*) upward in the figure to longer
wavelengths, while the back side features (**) have remained mostly unchanged. The enhanced
transmission bands at angles and wavelengths around +/- 40° and 700 nm, respectively, are sub-
stantially enhanced and appear to be from overlapping front and back side features (denoted —).
At longer wavelengths and smaller angles, the front (*) and back (**) side features do not yet
appear matched at this layer thickness, although there appears to be some quenching of the front
side peaks near 0°. Another feature that appears at lower wavelengths is a set of crossing lines
centered at ∼650 nm (denoted ∼), which are attributed to weaker plasmon modes associated with
second order diffraction from the front side of the grating that have also red shifted.
The third dispersion image (Figure 7.5C), with a 310 nm tin oxide film, shows a substantial
transmission enhancement at normal incidence. The large enhanced transmission peak at ∼1175
nm (denoted ∗∗∗) demonstrates the desired index matching at normal incidence. Enhancements
are also seen at longer wavelengths (> 1200 nm) and larger angles, where the peaks split into +/- 1
diffracted modes. At larger angles and lower wavelengths, there is continued evidence for matching
of the front and back-side plasmon peaks (denoted —) as was observed in Figure 7.5B. However,
at lower wavelengths the front side peaks have now passed the back-side and produce an increased
span of enhancement with decreased intensity (as compared to Figure 7.5B). Notably, the conditions
needed to match the front and back side plasmons are expected to vary with wavelength due to the
differences in dispersion of the refractive indexes of the various film layers, which would then lead
to different tin oxide film thicknesses leading to optimal matching at these other wavelengths. At
lower wavelengths, there is also evidence for the appearance of guided modes as very thin crossing
lines (denoted by #), as is expected with this tin oxide layer having sufficient thickness to also
acting as a waveguide.
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The origin of the massive enhanced transmission at normal incidence with an index-matched
interface can be partly understood by considering the changes in reflectivity that also occur. Fig-
ure 7.6 compares the calculated reflectance (solid blue line) and transmission (dashed red line)
spectra of an uncoated silver grating (Figure 7.6A) and one coated with 310 nm of SnO2 (Figure
7.6B). In Figure 7.6A, the unmatched system with the uncoated grating shows decoupled plasmon
modes. The enhanced transmission observed for the front side peak (*) occurs simultaneously with
a decrease in reflection. This decrease in reflection allows for a larger transmission and supports
the enhanced transmission for this plasmon mode. In contrast, the back-side attenuation in trans-
mission (**) is accompanied with a relatively high reflectivity, which reduces the ability of this
interface to support high optical transmission. With the index matched interface (Figure 7.6B),
the massively enhanced transmission is accompanied by a near complete loss of reflection at the
same wavelength. When coated with a 310 nm of SnO2 film, the decrease in reflection is nearly
complete and the interface acts like a perfect light transmitter. Notably, a similar, but opposing
phenomena has been observed in plasmonic nanostructured metal/dielectric/metal interfaces that
act as perfect absorbers.[288]
Further detail regarding the behavior of the matched interface can be deduced by Figure 7.7,
which shows the calculated surface electric field of the matched system at 1175 nm. An enhanced,
evanescent field is observed on both the back-side grating/substrate interface as well as at the front
side interface between the tin-oxide film and ambient. Both of these fields are maximum at the
interface and then decay into the surroundings. The appearance of surface enhanced fields on both
sides of the grating in this symmetric system is evidence of the formation of a long-range surface
plasmon (LRSPR), in contrast to the enhanced field appearing on just one side of the grating for
the non-matched case as depicted in Figure 7.3. The enhanced field on the top side of the grating
appears in two forms. The first is as a confined field within the tin oxide layer, which represents that
waveguiding behavior of this dielectric film. The second is a smaller, but still appreciable enhanced
field at the tin oxide/ambient interface. This enhanced field at the outer interface suggests that this
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configuration should remain sensitive to refractive index changes in the surrounding environment
at this front side interface.
Figure 7.6 Computational spectra of transmitted and reflected light at (A) uncoated silver
grating and (b) grating with 310 nm of high RI SnO2 film. In (A), the front
side peak is denoted by * while the back side is denoted by **. In (B) the
matching front and back side features match are denoted by */**.
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Figure 7.7 Simulated surface electric field of a RI matched DVD-R grating with 310 nm
SnO2 film and illuminated with 1175 nm p-polarized light at 0° incident angle.
In order to experimentally test the sensitivity of this configuration to refractive index changes
of the surrounding environment, we probed the enhanced transmission peak for the index-matched
grating system with various fluids. In addition to the systems response in air, we probed the
influence of different refractive index fluids near the tin oxide surface with mixtures of glycerol
and water. Measurements were done with mixtures having refractive indexes of 1.33, 1.4 and
1.475 using 1:0, 1:1, and 0:1 ratios of deionized water (DIW) (n=1.33) and glycerol (n=1.475).
Figure 7.8 depicts these results. The spectrum with the index-matched interface in air shifts
to longer wavelengths and decreases in amplitude with increasing refractive index (Figure 7.8A).
The magnitude of these shifts shows both a linearly decreasing intensity and a linearly increasing
wavelength with increasing refractive index (Figure 7.8B). Although the wavelength sensitivity for
this matched interface is quite poor compared to a traditional grating or prism-based coupling
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system with a measured value of <100 nm RIU−1, the amplitude sensitivity of 6800% RIU−1
as determined from Figure 7.8B compares very favorably with the best reported values and the
theoretically determined maximum.[188, 289] Therefore, this configuration would work quite well
as an amplitude sensor.
Figure 7.8 (A) Optical transmission spectra for 310 nm SiO2 film on silver grating in the
presence of several fluids with differing refractive index. (B) Plot of transmis-
sion intensity as a function of refractive index.
This grating construction with a matched or symmetric interface possessing equivalent refractive
index values on both sides of the grating provides advantages in terms of massively increased
transmission enhancement as well as improved amplitude sensitivity. The tin oxide coating also
provides an advantage in serving as a protective layer for the underlying metal, which is particularly
important for silver in that it undergoes chemical oxidation if kept exposed for prolonged periods.
However, it has a disadvantage in that a large portion of the enhanced electric field is contained
within the SnO2 layer rather than being focused on the surface, and the index matching has been
optimized for air.
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As an alternative method to create a symmetric interface that also supports LRSPR, we have
utilized a substrate material with a lower refractive index, which serves to shift the back side
plasmon peak to lower wavelengths. This lowering of the back side peak position was done so that
matching could be achieved in an aqueous solution without an additional high index material on
the outer surface. This method is comparable to prior work using a prism coupler coated with
a thin, low refractive index matching layer (e.g., Cytop, Teflon AF) under the plasmonic metal
film,1,48 although in this work a rigid, low index material is being used. This construction also
provides the advantage that the outer grating surface with the highest electric field strength is
accessible to analytes dissolved in the aqueous medium. As illustrated schematically in Figure 7.9,
a low refractive index UV-curable polymer (NOA 142, n = 1.42) was used to fabricate the substrate
grating.
Figure 7.9 Normal impingement visible transmission spectra through silver gratings with
lowered backside RI and increasing RI of the front side sucrose solution.
Optical transmission measurements for this system in air and in the presence of several aqueous
solutions show an evolving response. In air with (refractive index of 1.0 in plot), the frontside plas-
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mon appears as enhanced transmission at the same wavelength (∼740 nm) while the attenuation
associated with the back side plasmon has blue shifted to ∼1065 nm (for NOA 142 RI = 1.42) from
the previous value of 1200 nm (for NOA 62 RI = 1.56). In the presence of deionized water (RI
= 1.33) at the outer surface, the front side plasmon red shifts and evidence of resonant coupling
appears as the backside peak changes from attenuation to enhancement. Increasing the solution
refractive index further (by adding sucrose) to tune the overlap with the backside shows an increas-
ingly coupled response. At solution refractive index of 1.42, which was achieved by increasing the
sucrose concentration to 54 g/ml (RI ≈ 1.420), produced a fully coupled interface with a single,
large LRSPR peak at ∼1060 nm. The maximum enhancement achieved in this configuration was
∼12, which is lower than that for the tin oxide coating, but remains substantially larger than the
initial, unmatched interface.
Additional detail regarding this alternative matched interface is illustrated by the calculated
electric field map at 1065 nm, as depicted in Figure 7.10. An enhanced field is clearly evident on
both the ambient and substrate sides of the grating. In each, the field is maximum at the metal
surface and decays outward with a significant penetration depth, particularly on the front side of
the grating.
7.5 Conclusion
This work demonstrated a technique for tuning the refractive index values on either side of a
grating nanostructure in order to index-match the interfaces and enhance surface plasmon resonance
by coupling the surfaces. The unmatched system showed a complex response with both enhanced
and attenuated transmission features, depending upon the nature of the metal/dielectric interface.
Altering the effective index of the front side of the grating by depositing increasing thicknesses of
a high dielectric tin oxide layer red shifted the front side plasmon peak until it coupled to the back
side plasmon mode, which produced a long-range surface plasmon mode. The enhanced electric
field associated with this couple mode was localized at the various grating interfaces and within
the tin oxide layer. Notably, this enhanced field also extended through the dielectric layer and
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Figure 7.10 Simulated surface electric field of a 45 nm thick silver grating of pitch value
740 nm, on a low RI substrate and sucrose solution on the front side, and
illuminated with 1065 nm p-polarized light at 0° incident angle.
was of appreciable magnitude at the outer ambient interface. The ability of this index matched
system to detect refractive index changes outside the dielectric layer was demonstrated, and a
significant amplitude sensitivity was observed. An alternative method to create a matched interface
by lowering the refractive index of the back side was also demonstrated using a substrate material
consisting of a low index polymer. This matched system is likely more useful in cases where
solution-based sensing is desired. We anticipate that the ability to create an effectively index
matched interface, and the resulting enhanced optical response and surface localized electric field,
will provide opportunities for improved sensor design and novel optical elements, including tunable
filters and waveguides.
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7.6 Supporting Information
Figure S 7.11 Schematic showing construction of gratings using DVD as a template.
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Figure S 7.12 Schematic of sputtering chamber used for SiO2 deposition.
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Figure S 7.13 Influence of O2 flow rate on SnOx composition ranging from pure Sn at 0
SCCM O2 to SnO2 at ∼25 SCCM O2.
Figure S 7.14 AFM image of the surface of optical adhesive (NOA 61) imprinted with
grating structures from a DVD-R and then coated with 45 nm of silver
using physical vapor deposition. (A) image and (B) cross section.
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Figure S 7.15 Image of silver-coated grating mounted to piece of glass microscope slide.
Figure S 7.16 Measured refractive index values for NOA 142, NOA 61, and SnO2 films.
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Figure S 7.17 Computed electric field near a 45 nm thick silver film on grating with pitch
value of 740 nm illuminated with s-polarized light at 0° incident angle.
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CHAPTER 8. CONCLUSIONS AND OUTLOOK
“Time is the longest distance between two places.”
–Tennessee Williams
Nanostructured surfaces have a wide range of application. It is crucial to be able to fabricate
desired nanostructured surfaces on a wide variety of materials precisely and economically for the
development of nanoscience and nanotechnology. The conventional techniques are limited by capital
cost, low throughput or inability to produce a wide variety of patterns. LIL offers a balance between
strength and weaknesses of the existing techniques. However, the traditional LIL is limited by
the range of nanostructures that could be fabricated. In this work we addressed this issue by
introducing several techniques to modify the existing LIL. We utilized the novel nanostructure
fabricated to modulate interfacial processes e.g. colloidal crystal deposition on a surface and light-
matter interaction at a metal-dielectric interface.
Chapter 1 gave a brief historical account on nanostructured surfaces and listed some exciting
ways nature uses them to achieve a broad range of surface properties. A survey of the literature was
done to show that nanostructured surfaces are gaining momentum among the scientific community.
The chapter briefly introduced the role of different type of nanostructures (photonic and plasmonic)
in subwavelength light management.
Chapter 2 built on chapter 1 and dived down into LIL. It introduced the concept of replacing
planar mirror used in traditional LIL with non-planar mirror to control pitch profile of interference.
It also showed that the grating shape can be changed from linear shaped to arc-shaped gratings
of various curvatures using mirror of various curvatures. For both change in grating shape and
pitch profile, the chapter laid out a theoretical background in support for the experimental results.
The utilities of different grating nanostructures were demonstrated by making a plasmonic variable
bandpass filter and a dually diffractive-focusing optical element.
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Chapter 3 built on Chapter 2. It looked at a different technique to extend the capability of LIL.
Instead of using non-planar mirror, it demonstrated that the same photoresist can be exposed to
single interference pattern multiple times and build complex 2D Moir pattern, quasicrystals and
superlattices. All these lattice structures are currently fabricated using E-beam lithography and
have unique applications as plasmonic and photonic materials.
In Chapter 4, we took the chirped pitch grating from chapter 2 and demonstrated the effect
of a continuously grating surface on the crystal structure deposited on it by self-assembly. It was
demonstrated that grating surface can support crystal lattice structures not commonly formed by
natural self-assembly e.g. square lattice, rhombic lattices of various lattice angles, graphite like
lattice and chains of particles. A general relationship between the substrate pitch value and the
lattice structure was developed. The different lattice structures were characterized using optical
diffraction. The lattices were also turned into plasmonic nanostructures by coating with a thin
film of silver and their plasmonic properties revealed interesting characteristics akin to metallic
nanohole arrays and metallic grating structures.
Chapter 5 and Chapter 6 together shows the ability control light at subwavelength scale using
different metallic structure. Chapter 5 focused on chirped grating structure with varying pitch
values with respect to its surface position. The varying pitch enable control of the spectral position
of SPR peak by simple translational movement. In addition, we demonstrated that the bandwidth
of the SPR can be controlled by the chirp of the grating. Chapter 6 extends similar concept to
nanohole arrays. The nanohole arrays were fabricated by microcontact printing using a chirped
pitch grating stamp. The nanohole arrays had tunability in two direction enabling greater control
on the SPR. It also showed tunability characteristics with respect to the polarization state of the
light. SPR from both the platforms (Chapter 5 and Chapter 6) were utilized in SEIRA application
using think film of polymers.
Chapter 7 focused on how a metallic nanostructure interface could be engineered to maximize
SPR response. This was done using refractive index matching technique, which aims to match the
refractive index of the dielectrics on either side of the metallic nanostructures. This was achieved
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in two different ways. In the first case, a high refractive index thin film was deposited to match the
high RI of the substrate. This led to transmission enhancement from ∼5 fold to 100-fold. In the
second case the substrate RI was lowered to match the low RI of the ambient side. In this case, the
transmission enhancement increased from ∼3-fold to ∼13-fold. Both the configurations were used
in RI sensing.
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